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Abstract 

 

TE energy harvesting is one of the approaches to address the global environmental 

challenges, utilizing waste heat for useful electric power generation. This 

technology recently attracted attention of the commercial sectors, due to the 

possible applications of TE materials in wearable electronic devices, solid state 

Peltier cooling, remote area sensors, etc. Currently available commercial TE 

materials such as Bi2Te3, Sb2Te3 and PbTe consist of either toxic or expensive 

elements. Therefore, exploration of TE materials with less toxic, less expensive and 

more earth-abundant elements is the focus of the TE community these days. The 

ternary chalcogenide Cu2SnSe3 is expected to be one of these auspicious TE 

materials, owning large flexibility to tune its physical and electronic properties. 

The elements of Cu2SnSe3 are less toxic, abundant in nature and relatively cheap 

compared to Te and Pb. 

Previous studies reported that Cu2SnSe3 can be found in various allotropic forms, 

which include orthorhombic, monoclinic and cubic structures. Phase 

transformation in solid state compounds involves rearrangement of atoms, which 

can be induced by the change of temperature, pressure and/or composition. It is 

important to understand the thermodynamic conditions of these diverse phases 

since different synthesis conditions and stoichiometry can lead to the formation of 

different phases. Phase transitions can lead to different band gap and lattice 

parameters, which can further affect the physical properties. The effect of 

annealing temperature on the phase transition of Cu2SnSe3 was investigated, and 

the TE properties of the monoclinic and cubic phases of Cu2SnSe3 were compared 

for the first time. Stoichiometric composition of Cu2SnSe3 was synthesized by melt 
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solidification and heat treatment at various temperatures followed by water 

quenching. XRD analyses reveal that the samples annealed at 720 and 820 K have 

mostly monoclinic phase along with small amount of cubic phase. The Cu2SnSe3 

annealed at 960 K is mostly cubic. It was found that the mostly cubic phase has ZT 

much higher than the mostly monoclinic phase sample. Better TE performance of 

high temperature cubic phase can be attributed to the smaller band gap (~0.92 eV) 

which can lead to higher electrical conductivity than monoclinic (~1.0 eV) at room 

temperature.  

Although the cubic phase Cu2SnSe3 has slightly higher thermoelectric efficiency 

than the monoclinic phase but still the ZT of both the phases is much lower 

compare to commercialized PbTe thermoelectric material. It can be realized that 

both have nearly similar thermoelectric properties but still the ZT of the Cu2SnSe3 

is much lower than the PbTe due to the lower Seebeck coefficient of the Cu2SnSe3. 

To improve the Seebeck coefficient of the Cu2SnSe3 we synthesized CTSe-SnS 

composites by mechanical alloying followed by spark plasma sintering. An 

optimized improvement in TE properties was achieved by adding 3% SnS to the 

CTSe matrix, which led to enhanced ZT in the medium temperature range. It was 

found that SnS addition to Cu2SnSe3 (CTSe) can effectively enhance the Seebeck 

coefficient from 30 to 490 μVolt/K at room temperature, but the power factor was 

not much improved due to the loss of electrical conductivity. But still, a prominent 

improvement in ZT value from 0.06 to 0.18 at 570 K for the CTSe was achieved due 

to disorder scattering, which can lead to a lower thermal conductivity of the 

composites than the pristine CTSe. The results show that the thermoelectric 

properties of CTSe can be engineered by the presence of SnS phase in the CTSe 

matrix. 

Despite of large improvement enhancement in Seebeck coefficient in the Cu2SnSe3 

–SnS composites, the improvement in the ZT value was not that impressive due to 
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loss of electrical conductivity. It is a big challenge to decouple Seebeck coefficient 

and electrical properties in alloying and composites, where increasing one value 

will lead to compromise another. Doping and solid solution can be one of the 

promising approaches to control the Seebeck coefficient without largely 

compromising the electrical conductivity for improved ZT of the various 

thermoelectric materials. 

Here we introduced a strategy to control the Seebeck coefficient without losing 

large part of electrical conductivity of the CTSe by making its solid solution with 

Cu2SnS3 (CTS). Suppressing Se vacancies by introducing S in the CTSe lattice is 

one of the way to control the Seebeck coefficient. The analogous crystal and band 

structure of Cu2SnSe3 (CTSe) with Cu2SnS3 (CTS) was the motivation behind the 

study of TE performance of Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid solution. CTSe and 

Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid solution were prepared using mechanical 

alloying (MA) followed by spark plasma sintering. Rietveld refinement of the 

powder X-ray diffraction (XRD) data was performed to determine the variation in 

the lattice constants of the Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid solution with gradual 

replacing of Se with S. Here we found that the band gap and TE properties 

optimization as well as reducing in thermal conductivity can be efficiently 

achieved by careful optimizing of the composition of Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) 

solid solution for enhanced TE performance of the CTSe. 

Finally making thin films and 2D structures of the Cu2SnSe3 can be another way to 

explore the its commercial potential due to its higher power density, light weight 

and compact size. Due to high conductive nature of the Cu2SnSe3 it is expected 

that the Cu2SnSe3 thin film can give us much better TE properties compare to thin 

films of conventional TE compounds like SnSe, due to incorporation of defects 

during thin film deposition. CTSe thin films were successfully deposited by PLD 

for the first time, and the effects of substrate temperature on the microstructure 
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and TE properties of the films were investigated. A mmonoclinic CTSe target and 

Pt-coated silicon substrates were used to deposit films at substrate temperatures of 

300, 350 and 400 °C. The TE properties of the films were studied, and it was found 

that 350 °C is the optimized substrate temperature in which the highest power 

factor of 2.8*10-4 (W/m2K) was achieved among the studied samples. Increasing 

substrate temperature further up to 400 °C degraded the microstructure and 

electrical properties of the deposited film, and hence the power factor was 

decreased compared to the other films deposited at 300 and 350 °C. The power 

factor of 2.8*10-4 (W/m2K) of the sample deposited at 350 °C is very close to the 

reported value for bulk CTSe. A high power factor which is comparable with bulk 

CTSe, along with other benefits like higher energy density, light weight and 

compact size, makes CTSe film a potential candidate for various TE applications. 

 

Keyword: Thermoelectric, Cu2SnSe3, Phase studies, Composites, Solid solution,  

Student Number: 2014-31423 
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1 Chapter 1 

1.1 Introduction 

 

Despite of the issues facing for energy security by the modern industrialized 

world, green energy production is the ultimate goal to sustainable future of the 

world. The industrialization of the current era enabled the people life prosperous 

on one side but raised the other numerous challenges to the planet such as global 

warming and other environmental issues. To ensure the sustainable economic 

growth without affecting the environment of the green planet, scientists worked 

hard to divert the energy production from direct resource utilization to the 

renewable energy resources. Nonrenewable energy resources are limited while 

renewable energy resources have cost and capacity issues. So energy harvesting 

is crucial for the coming modern world where energy sector will face bigger 

challenges in the future. Energy harvesting by waste heat utilization, not only 

increases the capacity of any energy system but it also reduces the waste heat 

going in to the atmosphere. Among the various waste heat recovery systems, the 

TE technology is an efficient way where waste heat is directly converted into 

useful electric power. The whole system is very sample, comprised of mainly of 

the solid state TE materials, and haven’t any large moving parts. The TE energy 

is more silent and green compare to other conventional heat recovery systems. 

One more unique feature of this technology is that, it not merely converts heat 

directly into electric power but can also utilize the electric power to produce 
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instant cooling. So the TE system can be used for various applications of energy 

generations as well as electronic refrigeration systems. The performance of a TE 

materials is evaluated on the basis of the dimensionless figure of merit, ZT = 

S2σT/κ, where σ is the electrical conductivity, S is the Seebeck coefficient, κ is the 

total thermal conductivity and T is the absolute temperature in Kelvin *1+. 

Increase in ZT requires high values of S and σ but still low thermal conductivity. 

It is very hard to control these TE parameters independently, where all of them 

are connected to each other by one way or another. It is the rule of thumb that 

semiconductors can be a better choice due to high Seebeck coefficient and 

dominant heat conduction by phonon migration *2+. These days most of the 

commercialized TE materials are mostly semiconductors compounds or alloys as 

shown in the Fig. 1. Further any material has own best operating temperature 

range in which its performance is high. For example, Bi2Te3 types TE materials 

shows high performance in low temperature range from around room 

temperature to 200 °C *3+. Similarly, PbTe and half Haussler materials shows 

high performance in medium temperature range, while SiGe and oxide based TE 

materials are better for high temperature applications. Bismuth telluride can be 

alloyed with Sb2Te3 or Bi2Se3, which reduces thermal conductivity considerably 

*4+. Problems with tellurium arise, since it is scarce, toxic and volatile at high 

temperatures *5+. Therefore, the use of tellurium is limited. Lead telluride (PbTe) 

was found to have good TE properties at temperatures in the range of 300–700 K.  

To date the TE technology is not commercially mature due to its low efficiency. 

Apart from the low efficiency other challenges includes the high cost and toxicity 
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of the elements used in the TE modules. TE materials such as Bi2Te3, Sb2Te3 and 

PbTe consist of either toxic or expensive elements *5, 6+. Therefore, study of TE 

materials with less toxic, less expensive and more earth-abundant elements, is 

the focus of the TE community these days. The ternary chalcogenide CTSe is 

expected to be one of these auspicious TE materials, owning large flexibility to 

tune its physical and electronic properties *7+. The elements of CTSe are less 

toxic, abundant in nature and relatively cheap compared to Te and Pb. 

In the structure of CTSe, Sn orbitals have a small effect on carrier transport, and 

Cu-Se atoms form carrier conductive bond network which determines electrical 

conductivity *7+. Therefore, it is possible to control the TE properties of CTSe by 

doping on the Sn site. It can increase the effective mass to achieve high Seebeck 

coefficient while preserving 3D conductive framework as electron-crystal like 

structure *8+. The dimensionless figure of merit (ZT) of ~1.2 was reported by Li et 

al. in In-doped CTSe compound at 850 K *9+.  

Previous studies reported that CTSe can be found in various allotropic forms, 

which include orthorhombic, monoclinic and cubic structures *10, 11+. Phase 

transformation in solid state compounds involves rearrangement of atoms, 

which can be induced by the change of temperature, pressure and/or 

composition. It is important to understand the thermodynamic conditions of 

these diverse phases since different synthesis conditions and stoichiometry can 

lead to the formation of different phases. Phase transitions can lead to different 

band gap and lattice parameters, which can further affect the physical 

properties.  
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In this dissertation work we first studied the various phases of CTSe, possibly 

present at different temperature and compare its TE properties. Later we tried to 

control the various TE parameters of the CTSe structure for improved ZT. In 

chapter 3 the effect of annealing temperature on the phase transition of CTSe was 

investigated and the TE properties of the monoclinic and cubic phases of CTSe 

were compared for the first time. Stoichiometric composition of CTSe was 

synthesized by melt solidification and heat treatment at various temperatures 

followed by water quenching. XRD analyses reveal that the samples annealed at 

720 and 820 K have mostly monoclinic phase along with small amount of cubic 

phase. The CTSe annealed at 960 K is mostly cubic. It was found that the mostly 

cubic phase has ZT much higher than the mostly monoclinic phase sample. 

Better TE performance of high temperature cubic phase can be attributed to the 

smaller band gap (~0.92 eV) which can lead to higher electrical conductivity than 

monoclinic (~1.0 eV) at room temperature.  

In chapter 4 we found that the cubic phase CTSe has slightly higher TE efficiency 

than the monoclinic phase but still the ZT of both the phases is much lower 

compare to commercialized PbTe TE material. It can be realized that both have 

nearly similar TE properties but still the ZT of the CTSe is much lower than the 

PbTe due to the lower Seebeck coefficient of the CTSe. To improve the Seebeck 

coefficient of the CTSe we synthesized CTSe-SnS composites by mechanical 

alloying followed by spark plasma sintering and the study is given in chapter 5. 

Alloying or composites are studied to be the efficient ways for enhancing 

Seebeck coefficient of various TE materials, where optimum doping in 
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composites can increase the effective mass of the system which can lead to 

enhance the Seebeck coefficient14. An optimized improvement in TE properties 

was achieved by adding 5% SnS to the CTSe matrix, which led to enhanced ZT in 

the medium temperature range. It was found that SnS addition to CTSe can 

effectively enhance the Seebeck coefficient from 30 to 490 μVolt/K at room 

temperature, but the power factor was not much improved due to the loss of 

electrical conductivity. But still, a prominent improvement in ZT value from 0.06 

to 0.15 at 570 K for the CTSe was achieved due to disorder scattering, which can 

lead to a lower thermal conductivity of the composites than the pristine CTSe. 

The results of theoretical calculations were in agreement with the experimental 

results which suggest that SnS addition to the CTSe matrix reduce its thermal 

conductivity by introducing an extra scattering parameter to the thermal 

conductivity due to the disorder in the composite structure. The results show 

that the TE properties of CTSe can be engineered by the presence of SnS phase in 

the CTSe matrix. 

Despite of large improvement enhancement in Seebeck coefficient in the CTSe –

SnS composites, the improvement in the ZT value was not that impressive due to 

loss of electrical conductivity.  It is a big challenge to decouple Seebeck 

coefficient and electrical properties in alloying and composites, where increasing 

one value will lead to compromise another. Here we introduced a strategy in 

chapter 6 to control the Seebeck coefficient without losing large part of electrical 

conductivity of the CTSe by making its solid solution with CTS. Suppressing Se 

vacancies by introducing S in the CTSe lattice is one of the ways to control the 
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Seebeck coefficient. The analogous crystal and band structure of CTSe with CTS 

was the motivation behind the study of TE performance of Cu2Sn (SX, Se1-X)3 (0≤ X 

≤0.8) solid solution. CTSe and Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid solution were 

prepared using mechanical alloying (MA) followed by spark plasma sintering. 

Rietveld refinement of the powder X-ray diffraction (XRD) data was performed 

to determine the variation in the lattice constants of the Cu2Sn (SX, Se1-X)3 (0≤ X 

≤0.8) solid solution with gradual replacing of Se with S. Here we found that the 

band gap and TE properties optimization as well as reducing in thermal 

conductivity can be efficiently achieved by careful optimizing of the composition 

of Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid solution for enhanced TE performance of the 

CTSe. 

Finally making thin films and 2D structures of the CTSe can be another way to 

explore the its commercial potential due to its higher power density, light weight 

and compact size. Due to high conductive nature of the CTSe it is expected that 

the CTSe thin film can give us much better TE properties compare to thin films 

of conventional TE compounds like SnSe, due to incorporation of defects during 

thin film deposition. 

In chapter 7 the TE studies on the CTSe thin films deposited by PLD was carried 

out for the first time, and the effects of substrate temperature on the 

microstructure and TE properties of the films were investigated. A mmonoclinic 

CTSe target and Pt-coated silicon substrates were used to deposit films at 

substrate temperatures of 300, 350 and 400 °C. The crystal structure was 

successfully transferred to the Si substrate from the CTSe target by laser ablation 
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without any phase changes, and all three film samples retained the monoclinic 

phase structure. The TE properties of the films were studied, and it was found 

that 350 °C is the optimized substrate temperature in which the highest power 

factor of 2.8*10-4 (W/m2K) was achieved among the studied samples. Increasing 

substrate temperature further up to 400 °C degraded the microstructure and 

electrical properties of the deposited film, and hence the power factor was 

decreased compared to the other films deposited at 300 and 350 °C. The power 

factor of 2.8*10-4 (W/m2K) of the sample S2 is very close to the reported value for 

bulk CTSe. A high power factor which is comparable with bulk CTSe, along with 

other benefits like higher energy density, light weight and compact size, makes 

CTSe film a potential candidate for various TE applications. 
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Figure 1. Schematics representation of ZT values of the of P-type and n-type Thermoelectric 

materials with respect to time line and temperature. [11]  
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2 Chapter 2 

General background 

2.1  Introduction to thermoelectricity 

Thermoelectricity is the generation of direct power from the junction of two 

dissimilar metals upon heating or cooling this junction by external electric power 

through two related mechanisms, the Seebeck effect and Peltier effects 

respectively *1+. When two metals are placed in electric contact, electrons flow 

out of the one in which the electrons are less bound and into the other. When 

two dissimilar metals are brought into electrical contact, the electrons flow from 

the metal where it is relatively weak bonded towards the other side. The 

bonding of electrons is referring to the hypothetical location which is called the 

Fermi energy level of electrons in any material *2+. The higher is the Fermi 

energy level the lower is the bonding with in the metal. Fermi energy level is the 

quantum mechanics term used for the energy difference between the occupied 

and unoccupied electrons energy levels at temperature of the absolute zero *3+. 

The flow of electrons from the higher Fermi energy state towards the lower 

energy states will continue until the Fermi levels of the two metals (F1 and F2) 

comes to the same level caused by the change in electrostatic potential due to 

flow of electrons. This electrostatic potential is called the contact potential (ϕ12) 

and is given by eϕ12 = F2 – F1, where e is the charge of single electron. 
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For the continuous flow of electron or current, one side temperature must be 

raised compare to the other side of the junction. The temperature difference 

across the metals junction unbalanced the Fermi level, as it is unlikely that the 

two metals will have Fermi levels with identical temperature dependence. 

Different Fermi energy levels of the two sides caused the flow of electric current 

until this temperature difference is maintained. To maintain the temperature 

difference, heat must enter the hot junction and leave the cold junction; this is 

consistent with the fact that the current can be used to do mechanical work *4+. 

The electromotive force (emf) generated due thermal gradient at a junction is 

called the Seebeck effect *5+ .The Seebeck effect was originally discovered by 

Italian scientist Alessandro Volta in 1794, it is named after the Baltic German 

physicist Thomas Johann Seebeck, who in 1821 independently rediscovered it 

*5+. It was observed that a closed loop of different metals connected in to two 

places caused to deflect the compass needle, when a temperature gradient was 

applied across the junction. The phenomena created was explained in a way that 

the temperature difference across the junction of the two dissimilar metals 

caused the electron energy levels to shift differently and hence a potential 

difference was created and therefore a magnetic field around the wires. 

Seebeck did not recognize that there was an electric current involved, so he 

called the phenomenon "thermomagnetic effect". Danish physicist Hans 

Christian Ørsted rectified the oversight and coined the term "Thermoelectricity" 

*6+. The relation for the Seebeck coefficient can be extracted from the modified 

https://www.britannica.com/science/Seebeck-effect
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Ohm law for the emf, where electric current can be generated even in the 

absence of voltage difference. The local current density “J” is given by *6+ 

J=  (-∆V + Eemf), 

Here V is the local voltage and  is the local conductivity. In general, the Seebeck 

effect is expressed by S= -∆V/∆T where ∆V the voltage difference across the 

junction and ∆T is the temperature gradient.  The Seebeck coefficient of any 

material is temperature dependent which is varying for each material and its 

composition. 

Another important parameter in Thermoelectricity is the Peltier effect. 

The Peltier effect is the presence of heating or cooling at an electrified junction of 

two different conductors and is named after French physicist Jean Charles 

Athanase Peltier, who discovered it in 1834, *7+. When a current is made to flow 

through a junction between two conductors, A and B, heat may be generated or 

removed at the junction. The Peltier heat generated at the junction per unit time 

is *7+ 

Q = (ΠA – ΠB) I, 

where  ΠA and  ΠB are the Peltier coefficients of conductors A and B, and  I  is the 

electric current flow from A to B. The total heat generated is not determined by 

the Peltier effect alone, as it may also be influenced by Joule heating and thermal 

gradient effects.  

The Peltier coefficients represent how much heat is carried per unit charge. Since 

charge current must be continuous across a junction, the associated heat flow 

will develop a discontinuity if  ΠA and  ΠB are different. The Peltier effect can be 

https://en.wikipedia.org/wiki/Jean_Charles_Athanase_Peltier
https://en.wikipedia.org/wiki/Jean_Charles_Athanase_Peltier
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considered as the back-action counterpart to the Seebeck effect if a simple TE 

circuit is closed. The Seebeck effect will drive a current, which in turn (by the 

Peltier effect) will always transfer heat from the hot to the cold junction. The 

close relationship between Peltier and Seebeck effects can be expressed in the 

direct connection between their coefficients (Π= TS) the Peltier effect is more 

important term where the TE generator is used as refrigeration system 

The Thomson effect was revealed in 1851 by William Thomson during the study 

of thermodynamic reasoning to conclude that sources of emf exist in a TE circuit 

in addition to those located at the junctions *8+. In particular, he predicted that an 

emf would arise within in a single conductor whenever a temperature gradient 

was present. The Thomson effect can be demonstrated from the schematics in the 

Fig.3 

  

In this experiment a current pass through an iron rod which is bent into a U-

shape *9+. Resistance coils, R1 and R2, are wound about the two sides of the U, as 

shown. These form two arms of a balanced Wheatstone bridge. The bottom of 

the U is then heated. This establishes two temperature gradients – a positive one 

extending from A to C, and a negative one extending from C to B. As a result of 

this operation, the bridge becomes unbalanced in such a direction as to indicate 

that the resistance of R1 has increased more than that of R2. Evidently, heat has 

been liberated at R1 and absorbed at R2. 

Absorption of heat is evidence for an emf that is acting in the same direction as 

that of the current, that is to say, electrical energy is being supplied to the circuit 

http://www.daviddarling.info/encyclopedia/T/Thomson.html
http://www.daviddarling.info/encyclopedia/W/Wheatstone_bridge.html
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at the expense of heat energy of the environment. Such is the case in the 

section AB. Likewise, in the section AC, the current is opposed by an emf, with 

consequent transformation of electrical energy into heat energy. Thus, in iron, 

the Thomson emf would give rise to a current in the iron from hot to cold regions. 

Many metals, including bismuth, cobalt, nickel, and platinum, in addition to 

iron, exhibit this same property, which is referred to as the negative Thomson 

effect. Another group of metals, including antimony, cadmium, copper, and 

silver, display a positive Thomson effect; in these, the direction of the Thomson 

emf is such as to support a current within the metal from cold to hot regions. In 

one metal, lead, the Thomson effect is zero. In certain metals the effect reverses 

sign as the temperature is raised or as the crystal structure is altered *9+. 

 

2.2 Efficiency and ZT 

Schematics of a TE generator are given in the Fig.4. A typical TE generator 

consists of n-type and p- types materials legs, connected to heat source from one 

side while to the sink from another side, which is further connected by 

conducting wire to the load. The temperature of the heat source and sink is 

represented by TH and TC respectively. The heat flow from the source to the sink 

across the pn-junction caused the current I to flow in the electric circuit. The 

efficiency of the module can be determined by the output power delivered (p) 

divided by the heat absorbed (𝑄𝐻) from the heat source as given by the 

expression;  

𝜂 = (
𝑃

𝑄𝐻
)      (1) 
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The amount of heat absorbed by the TE module from the heat source 𝑄𝐻  is 

consists of Seebeck coefficient part and thermal gradient part represented by *4+ 

𝑄𝐻 = ∆STH I ˗ 
𝐼2𝑅

2
 +  ∆T   (2) 

And similarly for the heat exhausted to the sink is given by  

𝑄𝐶  = ∆STC I ˗ 
𝐼2𝑅

2
 +  ∆T                      (3) 

Here the ∆S is the Seebeck coefficient difference between n and p type materials, 

R is the electrical resistance of the circuit, I is the current ad  is the thermal 

conductivity.  

The p can be further described in term of the difference of the heat absorbed 

from the heat source and the heat exhausted to the sink. 

P = 𝑄𝐻 ˗ 𝑄𝐶  = (∆STH – RI) I= I2RL 

So that Eq, 1 can be written as 

𝜂 =
𝑃

𝑄𝐻
=

𝑅𝐿 𝑆
2∆T/(R+𝑅𝐿)

2

∆𝑆𝑇𝐻 𝐼 −
𝐼2𝑅

2
+𝐾∆T

                 (4) 

 

2.3 TE Materials in Use 

It is thought that the first TE materials studied were metals, but latter Loffe 

(1957) found that semiconductors can be a better choice due to high Seebeck 

coefficient and dominant heat conduction by phonon migration *10+. These days 

most of the commercialized TE materials are mostly semiconductors compounds 

or alloys as shown in Fig.5. 

Here it can be noticed that each of the TE material performance is co related with 

operating temperature range. For example, Bi2Te3 types TE materials shows 
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high performance in low temperature range. Similarly, SiGe and type materials 

show high performance at medium to high temperature range.  While Oxide 

based TE materials are best for very high temperature applications. 

Bismuth telluride (Bi2Te3) and its alloys are good TE materials below room 

temperature. Above room temperature the relatively narrow band gap causes 

mixed conduction due to both electrons and holes *11+. This leads to reduced 

Seebeck coefficient. Bismuth telluride can be alloyed with Sb2Te3 or Bi2Se3, 

which reduces thermal conductivity considerably. Problems with tellurium arise, 

since it is scarce, toxic and volatile at high temperatures, therefore, the use of 

tellurium is limited *12+. 

Lead telluride (PbTe) was found to have good TE properties at temperatures in 

the range of 300–700 K. Similar materials are such as PbS and PbSe, which 

belong to chalcogenides system. Chalcogenide is chemical compound including 

at least one chalcogen (“ore former”) ion (usually S, Se or Te) and electropositive 

element *13+.  PbTe has high mean atomic weight and a multi-valley band 

structure. The band gap at 300 K is 0.32 eV, which produces higher Seebeck effect 

than that of bismuth telluride. Also its TE figure of merit (ZT) is higher when the 

temperature is raised although it has better lattice thermal conductivity than 

bismuth telluride *13+. It can be seen from Fig. 6 and 7 that most of the high ZT 

materials available are consists of elements like Ge, Te, Tl, Pb and Ge which are 

either expensive or toxic. Alternative chalcogenides materials are ternary 

chalcogenides like Cu2SnGe3, Cu2SnS3 and TE etc. These ternary Chalcogenides 

compounds have higher degree of freedom compare to binary compound 
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systems, where we have more room to tune the physical and structural 

properties. Among These ternary chalcogenides Cu2SnS3 is recently found to be 

a promising choice for TE community due to its similar TE properties with that 

of the PbTe and consists of nontoxic and low cost elements. 
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Compass needle 

Figure.1, Schematics of Seebeck system used by Thomas Johann Seebeck to discover the 

Seebeck coefficient [14]. 
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Figure.2, Schematics illustration for Peltier effect  
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Figure.3, Schematics illustration for Thomson effect [9]. 
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Figure.4, Schematics illustration for TE module [15]. 
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Figure. 5 Temperature-dependent ZT of n- and p- type TE materials 

used commercially *16+. 
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Figure. 6 price and abundance of various elements *17+. 
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Figure. 7 Toxicity of the elements in the periodic table *18+. 
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3 Chapter 3 

Review on Cu2SnSe3 thermoelectric materials 

3.1 General properties of Cu2SnSe3 

CTSe is a p‐type semiconductor with a narrow band gap (~ 1 eV) and can 

crystallize into a monoclinic (Cc) or cubic (F-43m) phase depending on the 

processing conditions [1]. Fig.1 shows the cubic and monoclinic structures of 

CTSe. The structural pattern of monoclinic CTSe is characterized by tetrahedral 

coordination of atoms. Cu and Sn are each coordinated by four Se atoms, 

forming a three-dimensional network of corner-sharing MSe4 tetrahedra (M = 

Cu or Sn) [2]. Though Cu and Sn are disordered in the cubic CTSe, they are 

ordered distinctively in the monoclinic variants. A common feature in these 

monoclinic structures is that one-third of the Se atoms are coordinated by two 

Cu and two Sn, and two-thirds of the Se atoms are coordinated by three Cu and 

one Sn. In this way the Cu3Sn and Cu2Sn2 coordination around Se are two 

environments satisfying the octet rule. While the Cubic CTSe is high temperature 

phase where Cu and Sn atoms share the same lattice sites and form disordered 

structure with high symmetry [3]. 

Sn orbitals have a small effect on carrier transport, and Cu-Se atoms form carrier 

conductive bond network which determines electrical conductivity. Therefore, it 

is possible to control the TE properties of CTSe by doping on the Sn site. It can 

increase the effective mass to achieve high Seebeck coefficient while preserving 

3D conductive framework as electron-crystal like structure [4]. Reports are 

present on the control of TE properties of CTSe, by substitution, doping and 

solid solution [5, 6].  

3.2 Phase studies of Cu2SnSe3 

Previous studies reported that CTSe can be found in various allotropic forms, 

which include orthorhombic, monoclinic and cubic structures [1, 7]. Phase 

transformation in solid state compounds involves rearrangement of atoms, 

which can be induced by the change of temperature, pressure and/or 
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composition. It is important to understand the thermodynamic conditions of 

these diverse phases since different synthesis conditions and stoichiometry can 

lead to the formation of different phases. Phase transitions can lead to different 

band gap and lattice parameters, which can further affect the physical 

properties.  

The type of phases present at specific temperature is controversial for CTSe, due 

to the disagreements found in previous reports. Studies of Palantnik et al. [8] 

and Sharma et al. [9] reported that this compound crystalizes in sphalerite-type 

cubic structure with unit cell parameter ranging from ɑ =5.688 to 5.696 Å. Debye-

Scherrer powder analyses of Rivet et al. [10] indicated that CTSe has an 

orthorhombic structure at 450 °C. On the other hand, XRD analyses of Marcano 

et al.16 proposed a monoclinic structure for CTSe with lattice parameters ɑ 

=6.5936 Å, b = 12.1593 Å, c = 6.6084 Å and beta =108.56 Å. Different compositions 

and synthesis parameters can lead to diverse results. Previous reports are 

lacking in providing specific composition, temperature and detailed TE 

characterization of CTSe phases. Recently Fan et al. [11] used single crystal 

electron diffraction and high resolution synchrotron X-ray powder diffraction 

with Reitveld refinement to study the different crystal structures of the CTSe. 

Fan et al. further studied the structure of the CTSe samples water quenched from 

850 K and 950 K, and found that it has monoclinic and cubic phase structures 

 

3.3 TE studies on Cu2SnSe3 

Lu and Morelli have reported low temperature TE properties of Mn doped 

CTSe in the temperature range of 100 to 300 K and a maximum value ZT of 

about 0.035 (at 300 K) has been observed for the sample Cu2Sn0.08Mn0.02Se3 [12]. 

Shi et al. have studied the TE properties of In doped CTSe in the temperature 

range 300 to 900 K and a maximum ZT = 1.14 has been observed for the sample 

Cu2Sn0.9In0.1Se3at 850 K [13]. Fan et al. have studied the TE properties of Ga 

doped CTSe in the temperature range of 300 to 700 K [14]. In their 

communication they have compared the ZT of the samples prepared by hot-

pressing and spark plasma sintering and they have concluded that the hot-

pressed sample Cu2Ga0.075Sn0.925Se3 has the highest ZT value at 700 K.  

 

https://www.sciencedirect.com/science/article/pii/S002554081630246X#bib0115
https://www.sciencedirect.com/science/article/pii/S002554081630246X#bib0120
https://www.sciencedirect.com/science/article/pii/S002554081630246X#bib0125
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3.4 Approaches for ZT improvement of Cu2SnSe3 

 

The improvements of ZT of chalcogenides and silicides, using various 

approaches which include nano-structuring, doping and alloying, were reported 

[5, 6]. Alloying of compounds can result in disorder and lattice distortion, which 

can enhance the phonon scattering and decrease the thermal conductivity. 

Optimum doping in composites can also increase the effective mass of the 

system which can lead to enhanced Seebeck coefficient [15]. Composites and 

alloys can have inclusions and grain boundary interfaces, which can block the 

low energy phonon without affecting the electronic carrier transport properties. 

Hence low thermal conductivity is expected along with reasonable electrical 

conductivity. This approach is an efficient way to optimize electrical and thermal 

transport properties to improve TE efficiency. Alloying can also lead to point 

defect scattering, which can reduce the lattice thermal conductivity, which in 

turn can help improve ZT of the alloy systems compared to the pristine 

compounds. It is a big challenge to decouple Seebeck coefficient and 

electrical properties in alloying and composites. Increasing one value will lead to 

compromise another. To address this, issue recent reports the solid solution and 

reported that Seebeck can be controlled with affecting largely the electrical 

conductivity [16]. Thus solid solution can be one of the promising approaches to 

control the Seebeck coefficient, thermal and electrical properties of CTSe. Finally 

making thin films and 2D structures of the CTSe can be another way to explore 

the its commercial potential due to its higher power density, light weight and 

compact size. Due to high conductive nature of the CTSe it is expected that the 

CTSe thin film can give us much better TE properties compare to thin films of 

conventional TE compounds like SnSe, due to incorporation of defects during 

thin film deposition. 
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Figure. 1 Structure of (a) monoclinic and (b) cubic CTSe, simulated from the 

Rietveld data files of the two samples. The arrows show the bond lengths 

between the corresponding atoms. The bond length between Cu and Se is 

slightly larger for the monoclinic phase than that of the cubic structure. The 

mixed site occupancy of the Cu and Sn atoms is indicated by partial coloring of 

the corresponding atoms in (b). 
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4 Chapter 4 

Effect of annealing temperature on the phase transition, 

band gap and thermoelectric properties of Cu2SnSe3. 

4.1 Introduction 

TE energy harvesting is one of the approaches to address the global 

environmental challenges, utilizing waste heat for useful electric power 

generation. This technology recently attracted attention of the commercial 

sectors, due to the possible applications of TE materials in wearable electronic 

devices, solid state Peltier cooling, remote area sensors, etc.[1-3]. Currently 

available commercial TE materials such as Bi2Te3, Sb2Te3 and PbTe consist of 

either toxic or expensive elements [4, 5]. Therefore, exploration of TE materials 

with less toxic, less expensive and more earth-abundant elements, is the focus of 

the TE community these days. The ternary chalcogenide CTSe is expected to be 

one of these auspicious TE materials, owning large flexibility to tune its physical 

and electronic properties [6]. The elements of CTSe are less toxic, abundant in 

nature and relatively cheap compared to Te and Pb. 

 

In the structure of CTSe, Sn orbitals have a small effect on carrier transport, and 

Cu-Se atoms form carrier conductive bond network which determines electrical 

conductivity. Therefore, it is possible to control the TE properties of CTSe by 

doping on the Sn site. It can increase the effective mass to achieve high Seebeck 

coefficient while preserving 3D conductive framework as electron-crystal like 

structure [7]. Reports are present on the control of TE properties of CTSe , by 

substitution, doping and solid solution [8, 9]. The dimensionless figure of merit 

(ZT) of ~1.2 was reported by Li et al. in In-doped CTSe compound at 850 K [10].  

Previous studies reported that CTSe can be found in various allotropic forms, 

which include orthorhombic, monoclinic and cubic structures [11, 12]. Phase 

transformation in solid state compounds involves rearrangement of atoms, 

which can be induced by the change of temperature, pressure and/or 
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composition. It is important to understand the thermodynamic conditions of 

these diverse phases since different synthesis conditions and stoichiometry can 

lead to the formation of different phases. Phase transitions can lead to different 

band gap and lattice parameters, which can further affect the physical 

properties.  

The type of phases present at specific temperature is controversial for CTSe, due 

to the disagreements found in previous reports. Studies of Palantnik et al.[13] 

and Sharma et al.[14] reported that this compound crystalizes in sphalerite-type 

cubic structure with unit cell parameter ranging from ɑ =5.688 to 5.696 Å. Debye-

Scherrer powder analyses of Rivet et al.[15] indicated that CTSe has an 

orthorhombic structure at 450 °C. On the other hand, XRD analyses of Marcano 

et al.[16] proposed a monoclinic structure for CTSe with lattice parameters ɑ 

=6.5936 Å, b = 12.1593 Å, c = 6.6084 Å and beta =108.56 Å. Different compositions 

and synthesis parameters can lead to diverse results. Previous reports are 

lacking in providing specific composition, temperature and detailed TE 

characterization of CTSe phases. Recently Fan et al. [17] used single crystal 

electron diffraction and high resolution synchrotron X-ray powder diffraction 

with Reitveld refinement to study the different crystal structures of the CTSe. 

Fan et al. further studied the structure of the CTSe samples water quenched from 

850 K and 950 K, and found that it has monoclinic and cubic phase structures 

respectively, but phase studies at temperatures lower than 800 K were not 

carried out. Further, the TE properties of the monoclinic phase CTSe were 

studied, but those of high temperature cubic phase have not been reported.  

In this work, we performed phase studies using XRD on the CTSe samples, 

solidified from the melt at 1280 K, annealed at different temperatures and 

subsequently water quenched. Rietveld refinements were used to obtain the 

quantitative phase information. Differentiation of the different phase structures 

was further confirmed by Raman spectroscopy analyses, and the TE properties 

of both the high and low temperature phases were compared in the temperature 

range of 300 to 600 K.  
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4.2 Experimental procedure 

4.2.1 Sample preparation: 

Polycrystalline CTSe sample was synthesized from direct reaction of the 

stoichiometric amount of Cu 99.99 %, Sn 99.99 %, and Se 99.99 % powders 

(Kunjundo Chemicals, Japan). As-received powders were melted in a pre-

evacuated quartz ampoule at 1280 K for 3 hours followed by periodic agitation 

to improve mixing of the reacting species. The molten sample was cooled at a 

rate of 1 K/min down to 720 K and 820 K, annealed for 12 hours at these 

temperatures and quenched in water to cease further phase changes. 

In order to study phase transformation at higher temperatures, a molten sample 

was cooled to 960 K, annealed for 12 hours and quenched in water. The ingots 

were ground to fine powder using an agate mortar-pestle, and the obtained 

powder samples were named hereafter M-720, M-820 and C-960 respectively. 

The powder samples were spark-plasma-sintered (SPSed) at 673 K under the 

applied pressure of 60 MPa for 5 minutes. SPSed samples from M-720, M-820 

and C-960 powders were named SM-720, SM-820 and SC-960, respectively. The 

consolidated samples were disc-shape pellets of 3 mm in height with 12.5 mm 

diameter.  

4.2.2 Characterization: 

Phase studies were performed on the pellet samples, using powder X-ray 

diffraction (XRD) D-8 Advance (Bruker, Germany), with copper Kα radiation of 

λ= 1.54 Å. Rietveld refinement (TOPAS) was used for the quantitative phase 

analyses of the samples. The atomic displacement, fractional coordinates and 

occupancies of the elements which were obtained from the standard XRD 

database were used without refining. Raman scattering analyses were performed 

on the pellet samples using LabRAM Raman spectrometer (HORIBA Scientific). 

The He-Ne laser source with wavelength of 532 nm was used as the exciting 

light. The LabRAM spectrometer is equipped with both macroanalysis and 

microanalysis configurations. The laser beam of mm order spot size was focused 

on the sample surface using an optical input focusing macroanalysis system. The 

incident laser beam was further focused to 1 μm spot size using optical 
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microscope (×50 objective) in microanalysis system. All the measurements were 

performed in the range of 50 to 400 (cm-1) Raman shift at ambient temperature. 

The Seebeck coefficient and the electrical resistivity were measured in the 

temperature range of 300 to 600 K, using commercial TE property measurement 

system, (SEEPEL, TEP-800). The measurements were carried out in Ar 

atmosphere to prevent the oxidation of the SPSed samples.  

Laser flash technique (LFA, Netzsch, LFA 457) was used to measure the thermal 

diffusivity (D) of carbon coated disc-shape samples with thickness < 1 mm, in the 

temperature range of 300 to 600 K in the inert atmosphere. Differential scanning 

calorimetry (DSC) was used to measure the specific heat (Cp) in the same 

temperature range as D. The samples were put in an alumina crucible in Ar 

atmosphere, and the DSC curve was recorded with a heating rate of 10 K/min. 

Thermal conductivity (k) was calculated from k = Cp. d. D, where Cp, d and D 

are specific heat obtained from DSC, density and thermal diffusivity, 

respectively. The densities of the pellet samples were measured using 

Archimedes’ principle at room temperature in ethanol medium. Hall effect 

measurements of carrier concentration (pH) and mobility (µH) on square-shape 

samples with thickness < 1 mm, were performed in Van der-Pauw configuration 

at room temperature with 0.56 T applied magnetic field. 

Ultraviolet-visible (UV-Vis) spectroscopy analyses were performed on the 

polycrystalline powder samples, dispersed in ethanol, using UV-Vis/NIR 

Spectrometer (JASCO, V-770). The optical absorption spectra were obtained in 

the wavelength range of 600 to 1000 nm, with a step size of 0.5 nm.  

DOS analyses and electronic band structure calculations were carried out 

for SM-820 and SC-960 samples using the atomic positions and lattice 

parameters obtained from the Rietveld analysis of each sample. We 

performed first-principles calculations using Vienna ab-initio simulation 

package (VASP) based on the density functional theory (DFT) [18]. The 

hybrid functional method based on the HSE06 [19] was employed for the 

exchange-correlation energy because of the band-gap underestimation in 

the conventional GGA scheme [20]. The fraction of exact exchange energy 

we used was 0.25. The cut-off energy for the plane wave basis was set to 

250 eV. In the crystal structure of cubic CTSe, Cu and Sn atoms randomly 

occupy the same crystallographic site. To examine the influence of the site 
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disorder on the electronic structure, we simulated three configurations 

where the Cu and Sn sites are distributed differently. 

4.3 Results and Discussions 

4.3.1 Phase analysis 

The X-ray diffraction (XRD) patterns of CTSe powder samples annealed at 720 K 

(M-720), 820 K (M-820) and 960 K (C-960) and those of samples SPSed at 670 K 

for 5 minutes (SM-720, SM-820 and SC-960) are shown in Fig. S1 (ESI†) and Fig. 1 

(a) respectively. Fig. 1(b) shows the log scale XRD patterns of the SPSed samples 

in the range of 28 to 43 degree 2θ. Fig. S1 (ESI†) and Fig. 1 (a) show that the XRD 

spectra were remain the same before and after SPS sintering, hence the phases of 

the CTSe samples were not affected by SPS process. The XRD pattern in Fig. 1(a), 

shows that CTSe sample annealed at 960 K crystallizes in a cubic sphalerite type 

structure, represented by only the major peaks at 27.1, 45.0, 53.3 and 65.6 degrees 

2θ. Low intensity peak of the SC-960 shown in Fig. 1(b) around 30 degree 2θ, is 

attributed to the minor monoclinic phase, formed during water quenching. The 

other two samples, annealed at 820 and 720 K, are found to have mostly 

monoclinic structures. Since these CTSe allotropes are derived from the cubic 

sphalerite structure [21], the XRD peaks with high intensities for all these phases 

are almost the same. Monoclinic phase of the CTSe can be distinguished from the 

cubic phase by the presence of several peaks with very low intensities mostly 

between 28 to 43 degrees 2θ (Fig. 1(a)). 

These experimental XRD spectra were analyzed further by Reitveld refinement 

using TOPAS to distinguish quantitatively the minor phases which can exist 

along with the parent phase. The results are shown in Fig. 2. The atomic 

positions, occupancies and thermal parameters of the PDF cards 04-002-6015 and 

04-012-4693 for cubic and monoclinic structures, respectively, were used as an 

initial model for the refinement. The weighted pattern R-value (Rwp) for all the 

samples were ~10, which we think is acceptable, with major peaks overlapping 

for different allotropic forms of CTSe.  

We found that it is very difficult to synthesize a pure phase CTSe at both low 

and high temperatures. The amount of cubic phase increases with increasing 

annealing temperature, and at high enough temperature mostly cubic phase 
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exists, which agrees well with the previous reports11,17. The samples annealed at 

720 and 820 K consist of major monoclinic phase with minor cubic phase (2~11 

%) still present. This means that either the annealing time was not long enough 

to complete the high to low temperature phase transition or some local 

difference in composition of CTSe crystallites lead to different phases. Similarly, 

the major phase of the sample annealed at high temperate (960 K), was cubic. 

Fig. 3, shows the crystal structures of both (a) monoclinic and (b) cubic phases of 

CTSe. Monoclinic phase is a low temperature, less symmetric and ordered 

structure of CTSe, where all the atoms are tetrahedrally coordinated. Sn and Cu 

bonded with four Se atoms are forming three dimensional (Cu/Sn)-Se4, corner 

shared 3D network. Se atoms are coordinated by one Sn and three Cu atoms, 

with bond length of Sn-Se~2.60 Å and Cu-Se~2.44 Å as shown in Fig. 3 (a). Cu 

and Sn are disordered in cubic structure with a variety of possible cation 

coordination pattern around the Se anion like Cu4, Cu3Sn, Cu2Sn2, CuSn3, and 

Sn4 [22].  

We assumed order-disorder transition for these allotropic transformations, 

where slight lattice re-arrangement can result in small atomic displacement from 

monoclinic (space group 9(Cc)) to cubic (space group 216(F4bar3m)) at high 

temperature. In such types of phase transitions of CTSe, the cubic to monoclinic 

transition is characterized by the presence of low intensity peaks in the XRD 

pattern, while the major reflections of (111), (022), (133) and (044) are not much 

differed [23, 24].  

Raman spectroscopy analyses were performed on the SM-820 and SC-960 

samples in order to further confirm monoclinic to cubic phase transition at high 

temperature. The Raman spectra of the two samples, recorded in the range of 

40~400 cm-1, are shown in Fig. 4. Raman shifts of the two samples in the present 

work are compared with those reported in the literature, and the results are 

listed in Table 1, where the possible symmetries are also assigned. Kroumov et 

al.[25] performed factor group analysis for the various zone-center lattice 

vibrational modes of monoclinic CTSe structure, with 3 Se, 1 Sn and 2 Cu atoms 

in 4(a) Wyckoff positions [26], and argued that six Raman active modes, 

represented by 3A´+3A´´ are possible for this compound (Table 1). The data 

obtained from the Raman peaks of the monoclinic structure, agree well with 

both the calculated symmetry modes as well as those from the literature, 

indicated by six Raman shifts observed at 69, 176, 203, 230, 243 and 270 cm-1. 



48 

 

 

 

The high intensity peak, observed at 176 cm-1 in all the CTSe phases is attributed 

to the strongest A´ mode which resulted from the vibration of the Se-Cu bond, 

while Sn remains at rest. A broad vibrational band at ~ 360 cm−1 was reported 

*27+ as an overtone of the strong peak at 176 cm−1. In the high temperature cubic 

phase, only one intensive peak shift at 176 cm−1 and two small intensity peaks at 

193 and 225 cm−1 are observed. The absence of the peaks at 203, 230 and 243 

cm−1 in the cubic phase confirms the phase transition, where these modes of 

lattice vibrations are lost in Raman scattering due to the increase in structural 

symmetry [28].  

In the cubic phase, the bond stretching force is small compared to the monoclinic 

ordered phase, due to the smaller bond length of Sn-Se in the cubic phase as 

shown in Fig. 3. This can lead to the decrease in Raman shift due to slight 

reduction in phonon energies, which was illustrated by Marcano et al.[21]. Slight 

peak shifting towards lower Raman frequencies of ~10 cm-1 for cubic structure is 

in agreement with the fact that high temperature phase of CTSe has disordered 

and more symmetric lattice structure. Finally, the major Raman peak at 176 cm-1 

is the same for both the CTSe phases, which can be attributed to the Cu-Se bond 

vibration, since bond length is almost the same (~2.44 & 2.46 Å) in both 

compounds. From the XRD and Raman spectroscopy measurements, we 

conclude that CTSe can be found in monoclinic structure as a major phase at 

temperature 820K and below, while it has mostly cubic disordered structure at 

higher temperatures. Secondary phases like orthorhombic and tetragonal phases 

were not observed in this study. 

4.3.2 Electronic transport properties  

Annealing at high temperature can cause phase transition and result in various 

electronic structures, since band gap is reduced with the increase in annealing 

temperature, which can be characterized by UV-Vis spectroscopy analysis. The 

dependence of energy band gap (Eg) on the absorption coefficient (α) for the 

direct band transition is given by the relation [29]  

𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − 𝐸g)1/2             (1) 

where A, h and ν are a constant, the Planck’s constant and the frequency of 

radiation, respectively. Fig. S2 (ESI†) shows the optical absorption spectra 

obtained from the UV-Vis spectroscopy for the SM-820 and SC-960 powder 

samples dispersed in ethanol at room temperature. The calculated values of hv 
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and (𝛼ℎ𝑣)2 are plotted in Fig. 5 for the (a) monoclinic and (b) cubic structures. 

The optical band gaps were obtained from the extrapolation of the linear region 

of the plot to the hv axis, which were found to be 0.9 eV and 1.0 eV for the 

monoclinic and cubic phase respectively. The values of the direct band gaps of 

the CTSe reported previously lie in the range of 0.3 to 1.3 eV [16, 30, 31], which is 

in agreement with the results in this study.  

To further study the changes in band structure accompanying the phase 

transition, we studied the density of states (DOS) and band structures of the 

samples SM-820 and SC-960. To further study the changes in the band structure 

accompanying the phase transition, we studied the density of states (DOS) and 

band structures of the cubic and monoclinic CTSe. The structure information of 

the major phase from the Rietveld refinement of the samples SM-820 and SC-960, 

were used for the calculation. Fig. 6 (a) and 7 (a) show the band structures of the 

monoclinic and cubic phases. In the monoclinic phase, the conduction band (CB) 

minima and the valence band (VB) maxima are separated clearly at the point Γ. 

The band gap of 0.58 eV is consistent with the experimental observation. On the 

contrary, in the cubic structure, the metallic band structure is observed. The 

change of band gap according to the phase transition was reported for other 

phase variant structures like MTe2 (M = Mo and W) [32] and ZnS [33]. Fig. 6 (b) 

and 7(b) show that the VB maxima is mainly contributed by Se-p and Cu-d 

orbital hybridization in the VB, while the major part of the CB minima is 

occupied by Sn-s and Se-p hybridized orbitals. The orbital character of VB 

indicates that Cu-Se bonding network plays the dominant role in the hole 

transport of the p-type CTSe. On the other hand, Sn atoms do not contribute to 

the hole conduction but provide extra electrons to the whole lattice7.  

Fig. S3 (ESI†) shows (a) hole concentration and (b) carrier mobility of SM-820 

(square points) and SC-960 (circle points), measured at room temperature. The 

DFT results are also consistent with the results in Fig. S2 (ESI†), where the 

carrier concentration in the cubic phase is higher than that of the 

monoclinic phase. The variation in the band gap (Eg) of heavily doped 

semiconductors like CTSe can be governed by Burstein-Moss effect [34], 

where conduction band comes closer towards the Fermi energy level (EF), 

due to the increase in carrier concentration.  
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The relation between the carrier concentration and band gap is given as 

[35] 
  

𝑛𝑖 = 𝐶𝑇3/2exp (
−𝐸𝑔

2𝑘𝐵𝑇
)          (2) 

where C, T, kB, ni and Eg are a constant, the absolute temperature, the 

Boltzmann constant, the carrier concentration and the band gap, 

respectively. The carrier concentration is exponentially proportional to the 

negative of the band gap, which means that band gap narrowing leads to 

the increase of the carrier concentration. Thus, the band gap reduction of 

cubic phase compared to the monoclinic phase can result in the major 

increase of carrier concentration.  

Moreover, electrical conductivities of both the CTSe phases are reduced 

with increasing temperature, which is a common behavior for heavily 

doped degenerate semiconductors [36]. Here the Se loss resulting from 

the high temperature treatment can lead to the increase of the hole 

concentration, which in turn, can increase the electrical conductivity. 

These results are in good agreement with the results of band gap analyses 

and the hall measurements discussed above. 
TE properties 

Fig. 8 shows the TE properties measured in the temperature range of 300 K to 

600 K. The Seebeck coefficients of both monoclinic and cubic phase have linear 

relationship with temperature, which validates the degenerate behavior shown 

in Fig. 8 (b). The Seebeck coefficients of the monoclinic phase which is larger 

than those of cubic CTSe phase, can be explained using the mobility of majority 

carriers. Sun et al. [37] studied the effect of mobility, charge relaxation (t) and 

carrier potential on the Seebeck coefficient, where they included the effect of 

asymmetric charge relaxation (St) in the Mott expression. The expression 

describes the Seebeck coefficient in the form of two factors, Sτ (asymmetric 

charge relaxation) and SN (conventional contribution),  

𝑆 =  Sτ +  SN =  −
𝜋2

3

𝑘𝐵
2𝑇

2
*
∂ln𝜏

𝜕𝜀 
+
𝜀𝐹
−

𝜋2

3

𝑘𝐵
2𝑇

2
*
∂ln𝑁

𝜕𝜀
+
𝜀𝐹

,         (3) 

Sτ can be further related to the Nernst coefficient, 
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𝜈 = −
𝜋2

3

𝑘𝐵
2𝑇

𝐵|𝑒|
*
𝜕tan𝜃H

𝜕𝜀 
+
𝜀𝐹

,           (4) 

by ν.B=± Sτ tanθH , where   is energy function,    is Fermi level, tanθH is tangent 

of the Hall angle and B is magnetic field. Nernst coefficient weakly depends on 

ordinary scattering processes, but has pronounced dependency on charge 

relaxation events. 𝜈 can be further expressed in terms of either charge mobility μ 

or τ, since tanθH = eBτ/m*=μB. We assume that the effect of SN on the Seebeck is 

not prominent, as the stoichiometric composition of the samples used in this 

study is supposed to be unchanged but only the structures are slightly varied. 

Fig. S3 (b) (ESI†) shows that carrier mobility of monoclinic phase at room 

temperature is higher than that of cubic phase. This enhanced mobility in 

ordered structure can be related to the carrier concentration which is smaller 

than that of disordered structure, which is already discussed in the electronic 

structure study. From Nernst and charge relaxation expressions, it can be 

apparently seen that the Seebeck coefficient has direct physical link with the 

charge mobility, while Seebeck is further increased with increasing temperature. 

Moreover, the Seebeck coefficient measured at 600 K in this study is smaller than 

100 μV/K for both SM-820 and SC-960 samples, which is lower than the recently 

reported 120 μV/K by Li, et al.*10+ and 200 μV/K by Liu, et al. [38]. High carrier 

concertation can lead to large carrier scattering, which can result in the decrease 

of carrier mobility and Seebeck coefficient. 

The dimensionless figure of merit (ZT), calculated from electrical conductivity, 

Seebeck coefficient and thermal conductivity is given in Fig. 8 (d). ZTs for both 

the phases (SM-820 and SC-960) show linear increase with temperature. The 

sample SC-960 (mostly cubic phase) shows the ZT of 0.09 at 600 K, which is 

comparable with the recently reported value (~0.1) for the undoped CTSe [10]. 

The TE performance of cubic CTSe which is higher than that of monoclinic 

phase, can be attributed to the increase in electrical conductivity due to the 

reduction of the band gap. The contributions of both the thermal conductivity 

and the Seebeck coefficient to the ZT in the cubic phase are not large enough to 

synergistically balance the increase in electrical conductivity. Hence the power 

factor of the cubic phase (0.24 mWm-1K-2) was higher than that of the monoclinic 

phase (0.096 mWm-1K-2) at 600 K, but the change of thermal conductivity was not 

significant  
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The thermal conductivity results are shown in Fig. 8 (c), where both the phases 

have nearly the same values, which are decreased with temperature in a similar 

way. To find the reason of the large difference in electrical conductivity and 

similar thermal conductivity of the monoclinic and cubic phases, we splitted the 

whole thermal conductivity into the electronic part (Ke) and the lattice part (KL). 

Wiedemann-Franz law [39] (Ke = LσT, where L is the Lorenz number) was 

employed to determine Ke in the temperature range of 300 to 600 K. In the above 

relationship, it is crucial to determine the value of L before going into further 

calculations.  

Typically for the metallic elements, free-electron model [40] is employed, using: 

  =
𝜋2

3
(
𝐾𝐵

𝑒
)
2
             (5) 

where KB is Boltzmann constant and e is charge of electron. The Lo value 

obtained from eq. (5) is ~2.45×10-8 WΩK-2, which is used to calculate Ke for the 

metals. However, for the heavily doped degenerate semiconductors like CTSe, 

chemical potential is strongly dependent on the temperature, hence the Lorentz 

number does not remain the same for the whole temperature range. Using the 

single value of the Lorentz number would underestimate the lattice thermal 

conductivity. The true value of L depends on the reduced Fermi energy η 

(=EF/KBT) and the acoustic phonon scattering parameter λ. The corresponding 

equation for calculating L is [41]:   

 = (
𝐾𝐵

𝑒
)
2 (1+ )(3+ )𝐹 ( )𝐹  2( )−(2+ )

2𝐹( )2   
(1+ )2𝐹( )2 

,    (6) 

where λ=0 for the acoustic phonon scattering. The fermi integrals (Fm(η)) were 

measured from the experimental Seebeck coefficients, using the simple parabolic 

band model: 

𝑆 = (
𝐾𝐵

𝑒
) (

2𝐹 ( )

𝐹 ( )
−  )     (7) 

The detailed calculation procedure can be found in the [41, 42]. The calculated 

Lorenz numbers are shown in Fig. S4 (a) (ESI†). Using these L values, we 

calculated the corresponding electronic part of thermal conductivity and then 

subtracted it from the total thermal conductivity to get the lattice thermal 

conductivity for each of the sample, which is shown in Fig. S4 (b) and (c) (ESI†).   

It can be seen from Fig. S4 (ESI†) that the electronic conductivities are very 

different, while lattice parts of the thermal conductivities are nearly the same for 

the sample SM-820 and SC-960. It means that the lattice vibration has negligible 
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role in the increase of total thermal conductivity of the SM-820, since the major 

effect comes from the different electronic thermal conductivities. Further, the 

lower lattice thermal conductivity of the SC-960 in Fig. S4 (b) (ESI†) reveals that 

it has large phonon scattering due to disordered lattice structure. Monoclinic to 

cubic phase transition results in the increase of crystal symmetry and disorder, 

which leads to the increase of phonon scattering of the cubic phase. Loss of 

crystal symmetry due to order-disorder transition was reported by Richardson et 

al, [43] while its effect on the phonon scattering and thermal conductivity was 

recently explored [44, 45]. Presence of the mixed phases in both the samples 

provide an extra scattering factor to reduce the total thermal conductivity, which 

is favorable for higher ZT.  
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Fig. 1 (a) XRD patterns of CTSe powder samples annealed at 720 K (SM-720), 820 

K (SM-820) and 960 K (SC-960). S means the samples were spark-plasma-sintered 

at 670 K for 5 minutes; M refers to the mostly monoclinic phase while C refers to 

the mostly cubic phase CTSe. (b) Log scale XRD patterns of the spark-plasma-

sintered samples SM-720, SM-820 and SC-960 in the range of 28 to 43 2θ degrees,  
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Figure. 2 Results of the Rietveld refinement quantitative phase analyses of SM-

720, SM-820 and SC-960 samples are shown along with Rwp values in the upper 

left corner of each pattern.  
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Fig. 3 Structure of (a) monoclinic and (b) cubic CTSe simulated from the Rietveld 

data files of the two samples [45]. The arrows show the bond lengths between 

the corresponding atoms. The bond length between Cu and Se is slightly larger 

for the monoclinic phase than that of the cubic structure. The mixed site 

occupancy of the Cu and Sn atoms is indicated by partial coloring of the 

corresponding atoms in (b). 
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Figure. 4 Raman peaks of SC-960 and SM-820 CTSe powder samples obtained 

at room temperature, in the range of 40 to 400 cm-1. Raman study was 

performed on the mostly cubic (SC-960) and mostly monoclinic (SM-820) 

phases.  
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Figure. 5 Shows the UV-Vis spectroscopy measurements for the SM-820 and SC-

960 powder samples. The calculated values of hv and (αhv)2 are plotted for the 

(a) monoclinic and (b) cubic phases. The band gap value for each phase was 

obtained by extrapolating these plots to the X-axis. 
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Figure. 6 (a) Band structure and (b) projective density of states of the sample SM-

820 obtained by first-principles calculations. EF is the Fermi energy level of the 

system. The spacing between conduction band minima and valance band 

maxima at the zero symmetry point Γ is the electronic band gap.  
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Figure. 7 (a) Band structure and (b) projective density of states of the sample SC-

960 obtained by first-principles calculations. EF is the Fermi energy level of the 

system. There is no band gap at the EF.  
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Figure. 8 Temperature dependence of (a) electrical conductivity, (b) Seebeck 

coefficient, (c) thermal conductivity, and (d) TE Figureure of merit ZT for spark-

plasma-sintered samples SM-820 and SC-960. Electrical conductivity and 

Seebeck coefficient measurements were recorded three times to ensure the 

reproducibility of results. 
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Table 1 Raman peak positions of the SM-820 and SC-950 taken from Figureure 4 

and compared with results from reported data. 
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4.4 Summary 

The effect of annealing temperature on the phase transition of CTSe was 

investigated, and the TE properties of the monoclinic and cubic phases of CTSe 

were compared for the first time. Stoichiometric composition of CTSe was 

synthesized by melt solidification and heat treatment at various temperatures 

followed by water quenching. XRD analyses reveal that the samples annealed at 

720 and 820 K have mostly monoclinic phase along with small amount of cubic 

phase. The CTSe annealed at 960 K is mostly cubic. In order to investigate the 

effect of phase transition on the TE performance of CTSe, TE properties of the 

samples SPSed at 673 K for 5 min using the powder annealed at 820 (SM820) and 

960 (SC960) followed by water quenching were measured in the temperature 

range of 300 to 600 k. It was found that the mostly cubic phase SC-960 sample 

has ZT much higher than the mostly monoclinic phase sample. Better TE 

performance of high temperature cubic phase SC-960 can be attributed to the 

smaller band gap (~0.92 eV) which can lead to higher electrical conductivity than 

monoclinic SM-820 (~1.0 eV) at room temperature.  

Although the electrical conductivity of the cubic phase is enhanced due to 

reduction in band gap and high carrier concentration, the increase of thermal 

conductivity is much smaller than that of the electrical conductivity. One 

possible reason for the relatively small increase of thermal conductivities of both 

the monoclinic and cubic phase, is the presence of the minor secondary phase, 

which can promote the phonon scattering and reduce the thermal conductivity. 

The results show that the cubic phase CTSe is a better candidate for TE 

applications than the monoclinic phase, because cubic phase has better TE 

performance and the performance can be further improved by optimizing 

Seebeck coefficient by doping at Sn sites or by interstitial alloying. 
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5 Chapter 5 

The effect of SnS addition to Cu2SnSe3 on the thermoelectric 

properties of Cu2SnSe3-SnS composites 

5.1 Introduction 

TE materials are the subject of great interest for the scientists and engineers, as it 

can directly convert waste heat into electricity [1, 2]. The TE efficiency of 

materials is generally governed by the dimensionless Figureure of merit ZT = 

σS2T/κ, where σ is electrical conductivity, S is Seebeck coefficient, T is absolute 

temperature and κ is the thermal conductivity. The total thermal conductivity 

can be further divided into lattice thermal conductivity (κl) and carrier thermal 

conductivity (κe). A good TE material should have a large σ and S with low κ *3+. 

To develop TE materials with high TE performance is the ultimate goal of TE 

research. The improvements of ZT of chalcogenides and silicides were reported 

using various approaches which include nano-structuring, doping and alloying 

[4-6]. Alloying of compounds results in disorder and lattice distortion, which 

enhances the phonon scattering and decreases the thermal conductivity. 

Optimized composition in composites can also increase the effective mass of the 

system, which can lead to the enhancement of Seebeck coefficient [7]. 

Composites, which consist of more than two phases, can lead to the formation of 

inclusions and interfaces, which can block the low energy phonon without 

affecting the electronic carrier transport significantly; hence, the low thermal 
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conductivity is expected along with reasonable electrical conductivity [8]. This 

approach is an efficient way to improve TE efficiency by optimizing the electrical 

and thermal transport properties. Composites can also lead to point defect 

scattering, which can reduce the lattice thermal conductivity, and hence higher 

ZT can be achieved for the composite system than pristine compound [9]. 

Besides TE performance (ZT), the cost and environmental considerations are 

equally important for TE materials for their commercial large scale applications. 

The existing efficient TE materials contain expensive or toxic elements such as 

Te, Pb etc. [10, 11]. And so, CTSe is a promising TE material with earth 

abundant, cheap and environment-friendly elements, such as Sn and Se, which 

emerged in the past decade as a potential alternative for those which are used in 

TE devices today [12, 13]. 

TE properties of the CTSe (CTSe) are very close to those of other commercialized 

TE materials like PbTe, except the Seebeck coefficient which is much lower than 

that of PbTe. This leads to ZT much lower than the TE materials which are used 

in TE devices today and which are known to be promising candidates for large 

scale application. It can be expected that the increase in Seebeck coefficient along 

with reasonable thermal and electrical properties can lead to control of TE 

properties of CTSe. In this study, we report the TE properties of CTSe-SnS 

composites fabricated by mechanical alloying and spark plasma sintering. We 

successfully controlled the Seebeck coefficient by adding SnS to the CTSe matrix. 

Improvement of TE properties (enhanced ZT) in the medium temperature range 

(300 K ~ 570 K) is achieved by adding 3 wt% SnS to the CTSe matrix. 
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5.2  Materials and Methods  

CTSe-SnS composite powder samples (0.5, 1, 3 and 5 wt% SnS) which were 

named according to the amount of SnS added to CTSe, were synthesized by two-

step process. CTSe and SnS were prepared separately from the stoichiometric 

amount of precursor elements, Cu 99.99 %, Sn 99.99 % Se 99.99 % and S 99.99 % 

powders (Kunjundo Chemicals, Japan of average size 5μ) by mechanical alloying 

for 5 hours. And then these two compounds were mixed and mechanical-alloyed 

for 1 hour to obtain homogeneous composite powder samples. 

Powder samples were consolidated using spark plasma sintering. An 

appropriate amount of powder was put into a graphite die and pressed up to 600 

kgf pressure. Sintering was performed at 670 K for 10 minutes. The thicknesses 

of the consolidated samples were around 10 mm with lateral diameter of about 

12 mm. The bar samples with longitudinal direction parallel to the direction of 

the pressure applied during spark plasma sintering with typical dimension of 2 × 

2 × 6 mm3 were used to measure the out-of-plane Seebeck coefficient and 

electrical resistivity. Phase studies were performed on the powder and pellet 

samples using powder X-ray diffraction (XRD) (Bruker, D-8 Advance) with 

copper Kα radiation. Microstructural and energy dispersive spectroscopy (EDS) 

analyses were carried out using FE-SEM (Merlin, Compact). The TE properties 

were measured in the temperature range of 300 to 570 K, using commercial TE 

property measurement system (SEEPEL, TEP-800). Laser flash technique (LFA, 

Netzsch, 457) was used to measure the thermal diffusivity (D) of the carbon 

coated disc-shape samples with thickness < 1 mm, in the temperature range of 
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300 to 570 K in an inert atmosphere. Thermal conductivity (κ) was obtained 

using the equation κ = DρCp, where D is the thermal diffusivity, ρ is the bulk 

density measured by the Archimedes method and Cp is the specific heat capacity 

obtained by the Dulong–Petit approximation. Hall Effect measurements of 

carrier concentration (pH) and mobility (µH) on square-shape samples were 

performed in a van der Pauw configuration by Ecopia (HMS-3000) system at 

room temperature.  

5.3 Results and discussion 

Figure 1 shows the XRD patterns of CTSe, SnS and CTSe-SnS composites, 

recorded in the range of 2θ from 20 to 70 degree. CTSe and composite samples 

have the monoclinic phase structure. The patterns of 3 and 5 wt% CTSe-SnS 

composites have peaks with very small intensities between 30 and 45 degrees 2θ, 

most of which come from the SnS phase. Figure 2 shows FE-SEM images of 

fracture surfaces of the CTSe, SnS and CTSe-SnS composite samples. Red arrows 

indicate the SnS phase. The images show that the grain size is decreased with the 

increase of the amount of SnS in the CTSe matrix. To further investigate the 

effect of SnS addition to CTSe on the crystallite size, we analyzed the average 

crystallite size and micro strain by Williamson & Hall (W-H) method [14].  

 

 

The uniform distribution model (UDM) was applied in W-H method, where it is 

assumed that the strain is same for all crystallographic directions in the crystal 
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[15]. The modeled equation for the UDM in W-H method consists of both size 

and strain factors, represented by [15] 

 

 

Where βhkl represents the full width at half maximum (FWHM) of a radiant peak. 

K is crystallite shape constant (0.9), λ is the wavelength of X-ray in nanometer 

(nm) and ε is the strain. By plotting 4 sinθ on x-axis with βhkl cosθ on y-axis, the 

strain of the crystallites was estimated from the slope of the line, while the 

average size was calculated from the y-axis intercept. The W-H plots for the 

studied samples are given in Figure 3, while the extracted data is provided in 

Table 1. We also estimated the average size of the crystallites for studied samples 

using the Scherer’s formula (Table 1). The sizes of the crystallites obtained from 

the Scherer’s formula and the W-H method which are known to be semi-

quantitative methods need to be considered carefully. The absolute numbers 

(size of crystallites) obtained from those two methods can be different from the 

numbers (size of grains) which can be obtained from the direct observation (e.g. 

SEM). And also the instrument contribution to the breadth of the XRD peaks was 

not considered in Scherer’s formula and W-H method because the contribution 

was identical in all the patterns which were collected using the same instrument 

with the same setting. But the trend of changes can still be compared with those 

obtained from the direct SEM observation. 

As shown in Table 1, the average variation of the crystallite size is consistent 

with the SEM data (Figure 2), where the size of grains is decreased with the 

βhkl cosθ = 
Kλ

𝐷
 + 4ε sinθ 
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increase of the amount of SnS in the composite samples. The crystallite size 

values obtained by Scherer’s formula and W-H method are similar, and the 

trends in both cases are consistent. The decrease in the grain size in 3 wt% and 5 

wt% can come from the particles of SnS, which can retard the grain growth. The 

density of the sintered sample is increased with the increase of the SnS amount 

as shown in Figure 4, which shows the density of the sintered CTSe, SnS and 

CTSe-SnS composites. EDS elemental mapping results which are given in Figure 

5 show that the distribution of the element S is uniform and the composite 

samples have homogeneous composition in the scale shown in the figure.  

Figure 6 shows temperature dependence of (a) Seebeck coefficient, (b) electrical 

conductivity of spark plasma sintered CTSe, SnS and composites. The Hall-Effect 

data measured at room temperature are given in Figure 6(c-d) and also in Table 

2. Positive Seebeck coefficient is recorded for all the samples in the temperature 

range from 300 to 570 K (Figure 6(a)), which confirms the p-type nature of CTSe, 

SnS and CTSe-SnS composites. The Seebeck coefficient value of the pristine CTSe 

is in the range of 30 to 59 μV/K, which is increased up to 500 μV/K by making 

composites with SnS. The large increase in Seebeck coefficient of the CTSe-SnS 

can come from the high Seebeck coefficient of SnS and the increase of carrier 

mobility. Adding SnS to the CTSe matrix results in the decrease of carrier 

concentration (Figure 6(c)) while carrier mobility is increased (Figure 6(d)). This 

can result from the misalignment of energy bands between host and foreign 

materials. With the misalignment of energy bands, a large potential barrier can 

block both majority and minority carriers and only very high-energy carriers can 
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pass through this potential barrier with small probability of scattering. The 

overall effect leads to low carrier concentration yet with high mobility within the 

composite samples.   

The band misalignment permits the minority carriers to excite in the direction 

opposite to the majority carriers (p-type or n-type) so that large voltage is 

retained while Seebeck coefficient is increased [16, 17]. Figure 6(a) shows that the 

Seebeck coefficient of CTSe is not only enhanced but its behavior with increasing 

temperature is also changed by adding even small amount (3 wt%) of SnS to the 

CTSe matrix due to the large decrease in carrier concentration. The behavior of 

Seebeck coefficient with increasing temperature of 0.5 and 1 wt% resembles that 

of the CTSe sample while samples with more than 1 wt% SnS show bipolar 

behaviors of Seebeck coefficient which is similar to that of SnS [18].  

Figure 6(b) shows the temperature dependence of the electrical conductivity 

from 300k ~ 570K. A decrease of electrical conductivity with increasing 

temperature of 0.5 and 0 wt% composite samples reveals the highly doped 

nature of all the samples. The reduction in the electrical conductivity of the 

composite samples compared to that of CTSe is in agreement with the carrier 

concentration data, shown in Figure 6(c). As the amount of SnS in the CTSe 

matrix is increased, the carrier concentration is reduced and electrical 

conductivity is suppressed. Figure 7(a) shows the change of thermal 

conductivity of the CTSe and CTSe-SnS composites at different temperatures. 

The lattice distortion and defects in the CTSe after incorporation of SnS can 

reduce the thermal conductivity of the parent matrix, due to the extra disorder 
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scattering (Figure 7(b)). In contrast, a large improvement of ZT was observed 

(Figure 8(b)) due to the reduction of thermal conductivity.  

It should be noticed that further addition of SnS to the CTSe matrix in the sample 

with 5 wt%, leads to the decrease in both power factor and ZT due to the poor 

electronic transport nature of the sample. 

According to Abeles et. al. [19], the composite matrix is assumed to have a 

random distribution of its species in a proper lattice. The resulted scattering of 

the phonon is larger due to displaced position and anharmonicity of the crystal 

lattice. One common way to find the degree of disorder scattering of the 

composites is calculating the scattering parameter (Г). Large Г means large 

phonon scattering, which can decrease the thermal conductivity. 

Г consists of strain induced by point defects, bonding force difference and mass 

difference for the binary or pseudo-binary alloy systems [20]. 
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 and α are the mean mass and lattice constants of the binary components in the 

alloy, while ∆  and ∆𝛼 are the differences in molar mass and lattice constants 

within the virtual crystal respectively.   in eq.1 is a fitting parameter, which 

describes the elastic properties of a lattice system [21]. Numerical value of   can 

be estimated as: 
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G is a relative constant, which remain the same for the similar compound 

systems *22, 23+, γ is the Gruneisen parameter and ν is the Poisson ratio. We 

used γ=1.3 and G=4 for the chalcogenides alloy *24, 25+ to fit the  value which is 

equal to 94. The values of γ, G and   used in this study are in good agreement 

with those previously reported [26, 27]. The results obtained from eq.1 are 

plotted for the four composite samples at room temperature in Figure 7(b). It 

shows that increasing the amount of foreign atoms in the parent matrix results in 

the increase of the scattering parameter. The change of scattering parameter is 

consistent with the change of thermal conductivity in Figure 7(a) and results 

reported before [28, 29]. 

Figure 8 shows the effect of adding different amounts of SnS to CTSe on the 

power factor and the ZT of the CTSe and composite samples, measured in the 

temperature range from room temperature to 570K. Large improvements of 

Seebeck coefficient were observed in the composites 

(Figure 6(a)), but the change of power factor was not significant Figure 8(a)) 

which can result from the synergetic effect of the reduction in electrical 

conductivity (Figure 6(b)). In contrast, a large improvement of ZT was observed 

(Figure 8(b)) due to the reduction of thermal conductivity. The sample with 3 

wt% SnS has peak ZT equal to 0.18, which is comparable with those previously 

reported [30-32]. It should be noticed that further addition of SnS to the CTSe 

matrix in the sample with 5 wt%, leads to the decrease in both power factor and 

ZT due to the poor electronic transport nature of the sample. 



77 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. XRD patterns of CTSe-SnS composite samples spark plasma sintered at 

670 K. The bottom and top spectra represent the XRD patterns of CTSe and SnS 

respectively, while the other spectra show those of composite samples. Minor 

peaks indicated by stars in the patterns of 3 and 5 wt% samples correspond to 

the SnS phase. 
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Figure 2. FE-SEM images of the CTSe, SnS and CTSe-SnS composite samples. The 

FE-SEM analyses were performed on the non-polished surfaces of the broken 

pellets. Red arrows indicate the SnS secondary phase within the CTSe matrix. 
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Figure 3. Results of Williamson & Hall (W-H) method. Plot of βhkl cosθ vs 4 sinθ 

of the spark plasma sintered CTSe, SnS and CTSe-SnS composites.  
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Density of the spark plasma sintered CTSe, SnS and CTSe-SnS 

composites. Each point represents the average of five different readings. 
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Figure 5. EDS mapping images of the CTSe, SnS and composites. The analyses 

were performed on the polished surfaces of the pellets.  

 

 

 
 

 



81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature (K) 

(a) 

(b) 

(d) (c) 

Temperature (K) 

E
le

ct
 C

o
n

d
 (

S
/m

) 
 

L
o

g
 s

ca
le

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Temperature dependence of (a) Seebeck coefficient, (b) electrical 

conductivity, (c) carrier concentration and (d) electronic mobility values of the 

CTSe, SnS and CTSe-SnS composites. Each data point of (c) and (d) is the average 

of ten readings recorded on each sample. 
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Figure 7. (a) Temperature dependence of thermal conductivity of CTSe, SnS and 

CTSe-SnS composites and (b) lattice scattering parameter values of the CTSe-SnS 

composite samples. 
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Figure 8. (a) Power factor and (b) ZT of CTSe, SnS and CTSe-SnS composites in 

the temperature range from 300 to 570 K. 
 

 

 

 

 

 

 

 

 

 

 

 



84 

 

 

 

 

 
Table 1. Geometric parameters of the spark plasma sintered CTSe, SnS and CTSe-SnS 

composites. 
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Table 2. Hall-Effect data of the spark plasma sintered CTSe, SnS and CTSe-

SnS composites. 
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5.4 Summary 

The CTSe (CTSe)-SnS composites were prepared by mechanical alloying and 

spark plasma sintering. The effect of adding different amount of SnS to CTSe on 

the TE properties of the composite was investigated. The addition of SnS to CTSe 

was found to improve the Seebeck coefficient, but the change of power factor 

was not substantial due to the loss of electrical conductivity. Improvement of ZT 

in the medium temperature range, however, is achieved by adding 3 wt% SnS to 

the CTSe matrix, which can be attributed to the disorder scattering, which can 

decrease the thermal conductivity of the composites compared to that of the 

pristine CTSe. The results of this study shows that the Seebeck coefficient and 

the thermal conductivity of CTSe can be controlled in the direction of increasing 

ZT by making a composite with materials which have Seebeck coefficient higher 

than that of CTSe and which has no reaction with CTSe at the temperature range 

used to sinter CTSe. However, the concurrent suppression of electrical 

conductivity, still needs to be controlled to further improve the TE performance 

of CTSe.  
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6 Chapter 6 

Seebeck coefficient optimization for the improved ZT in 

Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid solution 

6.1 Introduction 

The performance of a TE materials is evaluated on the basis of the dimensionless 

figure of merit, ZT = S2σT/κ, where σ is the electrical conductivity, S is the 

Seebeck 

coefficient, κ is the total thermal conductivity and T is the absolute temperature 

in Kelvin *1, 2+. Increase in ZT requires high values of S and σ but still low 

thermal conductivity. It is very hard to control these TE parameters 

independently, where all of them are connected to each other by one way or 

another. 

It is found that semiconductors can be a better choice due to high Seebeck 

coefficient and dominant heat conduction by phonon migration [3]. These days 

most of the commercialized TE materials are mostly semiconductors compounds 

or alloys. Bismuth telluride (Bi2Te3) and its alloys are good TE materials below 

room temperature. Above room temperature the relatively narrow band gap 

causes mixed conduction due to both electrons and holes [4]. This leads to 

reduced Seebeck coefficient. Bismuth telluride can be alloyed with Sb2Te3 or 

Bi2Se3, which reduces thermal conductivity considerably. To date the TE 

technology is not commercially mature due to its low efficiency. Apart from the 
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low efficiency other challenges includes the high cost and toxicity of the 

elements used in the TE modules. TE materials such as Bi2Te3, Sb2Te3 and PbTe 

consist of either toxic or expensive elements [5, 6]. Therefore, exploration of TE 

materials with less toxic, less expensive and more earth-abundant elements is the 

focus of the TE community these days. The ternary chalcogenides CTSe is 

expected to be one of these auspicious TE materials, owning large flexibility to 

tune its physical and electronic properties [7]. The elements of CTSe are less 

toxic, abundant in nature and relatively cheap compared to Te and Pb. 

In our previous study (Chapter # 5), we found that composites is an efficient way 

for enhancing Seebeck coefficient of CTSe, where optimum doping in composites 

can increase the effective mass of the system which can lead to enhance its 

Seebeck coefficient. An optimized improvement in TE properties was achieved 

by adding 5% SnS to the CTSe matrix, which led to enhanced ZT in the medium 

temperature range. It was found that SnS addition to CTSe can effectively 

enhance the Seebeck coefficient from 30 to 490 µVolt/K at room temperature, but 

the power factor was not much improved due to the loss of electrical 

conductivity. But still, a prominent improvement in ZT value from 0.06 to 0.15 at 

570 K for the CTSe was achieved due to disorder scattering, which can lead to a 

lower thermal conductivity of the composites than the pristine CTSe. Despite of 

large improvement enhancement in Seebeck coefficient in the CTSe –SnS 

composites, the improvement in the ZT value was not that impressive due to 

loss of electrical conductivity.  
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It is a big challenge to decouple Seebeck coefficient and electrical properties in 

alloying and composites, where increasing one value will lead to compromise 

another [8]. Here we introduced a strategy to control the Seebeck coefficient 

without losing large part of electrical conductivity of the CTSe by making its 

solid solution with Cu2SnS3. Suppressing Se vacancies by introducing S in the 

Cu2SnS3 lattice is one of the way to control the Seebeck coefficient. The 

analogous crystal and band structure of CTSe with Cu2SnS3 was the motivation 

behind the study of TE performance of Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid 

solution. Cu2SnS3 and Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid solution were prepared 

using mechanical alloying (MA) followed by spark plasma sintering. Rietveld 

refinement of the powder X-ray diffraction (XRD) data was performed to 

determine the variation in the lattice constants of the Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) 

solid solution with gradual replacing of Se with S. Here we found that the band 

gap and TE properties optimization as well as reducing in thermal conductivity 

can be efficiently achieved by careful optimizing of the composition of Cu2Sn (SX, 

Se1-X)3 (0≤ X ≤0.8) solid solution for enhanced TE performance of the CTSe.  

6.2 Experimental procedure 

6.2.1 Sample preparation: 

Cu2SnS3 and Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid solution were prepared using 

mechanical alloying (MA) followed by spark plasma sintering. Stoichiometric 

amount of Cu 99.99 %, Sn 99.99 %, Se 99.99 % and S 99.99 %   powders 

(Kunjundo Chemicals, Japan) were sealed in the stainless steel container under 

the Argon atmosphere and run for the three hours continuously to ensure the 
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solid state reaction. Powder samples were sintered using spark plasma sintering 

(SPS). An appropriate amount of powder was put into a graphite die and 

pressed up to 600 kgf pressure, sintering was performed at 670 K for 10 minutes. 

6.2.2 Characterization: 

Phase studies were performed on the pellet samples, using powder X-ray 

diffraction (XRD) D-8 Advance (Bruker, Germany), with copper Kα radiation of 

λ= 1.54 Å. Rietveld refinement (TOPAS) was used for the quantitative phase 

analyses of the samples. Raman scattering analyses were performed on the pellet 

samples using LabRAM Raman spectrometer (HORIBA Scientific). The He-Ne 

laser source with wavelength of 532 nm was used as the exciting light. The 

LabRAM spectrometer is equipped with both macroanalysis and microanalysis 

configurations. The laser beam of mm order spot size was focused on the sample 

surface using an optical input focusing macroanalysis system. The incident laser 

beam was further focused to 1 μm spot size using optical microscope (× 50 

objectives) in microanalysis system. All the measurements were performed in 

the range of 50 to 400 (cm-1) Raman shifts at ambient temperature. 

The Seebeck coefficient and the electrical resistivity were measured in the 

temperature range of 300 to 575 K, using commercial TE property measurement 

system, (SEEPEL, TEP-800). The measurements were carried out in Ar 

atmosphere to prevent the oxidation of the SPSed samples.  

Laser flash technique (LFA, Netzsch, LFA 457) was used to measure the thermal 

diffusivity (D) of carbon coated disc-shape samples with thickness < 1 mm, in the 

temperature range of 300 to 575 K in the inert atmosphere. Differential scanning 
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calorimetry (DSC) was used to measure the specific heat (Cp) in the same 

temperature range as D. The samples were put in an alumina crucible in Ar 

atmosphere, and the DSC curve was recorded with a heating rate of 10 K/min. 

Thermal conductivity (k) was calculated from k = Cp. d. D, where Cp, d and D 

are specific heat obtained from DSC, density and thermal diffusivity, 

respectively. The densities of the pellet samples were measured using 

Archimedes’ principle at room temperature in ethanol medium.  

Ultraviolet-visible (UV-Vis) spectroscopy analyses were performed on the 

polycrystalline powder samples, dispersed in ethanol, using UV-Vis/NIR 

Spectrometer (JASCO, V-770). The optical absorption spectra were obtained in 

the wavelength range of 600 to 1000 nm, with a step size of 0.5 nm.  

6.3 Results and Discussions 

Figure 1 shows the XRD patterns of Cu2SnS3 and Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) 

solid solution, recorded in the range of 2θ from 20 to 70 degree. Cu2SnS3 its 

solid solutions have the monoclinic phase structure. Minor peaks (28-45 2θ) 

representing monoclinic structure, are more visible after sintering. XRD analysis 

reveal that as we increase the amount of Sulfur in the solid solution,  peak 

positions shift towards right, which indicate the increasing amount of Cu2SnS3. 

Shifting of peak from CTSe towards Cu2SnS3 along with the absence of 

secondary phases confirm the successful formation of the solid solution.  

The XRD results were further confirmed through EDS and Raman spectroscopy. 

EDS elemental mapping data is given in Figure 2, where it can be seen that no 

segregation is resulted and all the samples shows homogeneous distribution of 
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all the present elements. Similarly in Raman spectroscopy results in Figure 3 it is 

shown that as the amount of Sulfur is increased the spectra transform from pure 

CTSe to the Cu2SnS3 and the sample X=0.8 has similar spectra as that of the 

CTSe. Results from EDS and Raman analysis confirm the successful formation of 

the solid solution of the CTSe and Cu2SnS3 structures. Raman spectra related to 

secondary phases was not observed as shown in Figure 3, which reveals the 

absence of secondary phases. 

 TE studies for CTSe and its solid solutions with Cu2SnS3 were performed on the 

dense pellet samples and the results are shown in Figure 4. It is notable that at 

first when we increased the amount of Sulfur (X=0.2) the Seebeck coefficient is 

increased while further increase of Sulfur in the solid solution resulted in 

decrease in the Seebeck coefficient as seen for the sample X= 0.45 . After further 

increase of the amount of Sulfur, the Seebeck coefficient again started to increase 

and the trend continue until the last sample , X=0.8. Similar behaviour was 

experienced in the electrical conductivity data as shown in Figure 4.b, where 

electrical conductivity first increase then decrease with increasing of the amount 

of Sulfur in the solid solution. To understand this anomalous behaviour of the 

TE properties of the studied compositions, we performed the microstructural 

analysis on these samples. The SEM micrographs are shown in the Figure5, 

where we found that no prominent effect on microstructure was observed in the 

solid solution samples. Here it can be seen that the grain size of the studied solid 

solution samples are not that much different. One other important factor which 

can influence the TE properties is the band gap tuning due to variation in 
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composition in the solid solution. The Tauc plots which represent the band gap 

spectra of the solid solution samples are given in the figure 6. These estimated 

band gap values are in well agreement with that of the TE properties as the 

electrical conductivity for any composition is decreased the band gap value is 

higher for it. This agreement between electrical properties and band gap values 

reveals that variation in the composition resulted in the band gap tuning and 

hence the TE properties are varied accordingly. 

Thermal conductivity and ZT values are given in the Figure 7. It is very 

interesting to see that the thermal conductivity values are gradually decreased 

with increasing amount of the Sulfur as shown in Figure 7.a.  It confirms that 

solid solution of these two structures (CTSe and CTS) can be way to control the 

thermal and electrical properties independently and hence larger ZT can be 

achieved. This independent control of thermal and electrical properties in the 

solid solution of the CTSe-S structure leads to achieve reasonable ZT of equal to 

0.8 for the X=0.8 solid solution sample as shown in Figure 7 b. 
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Figure 1. XRD patterns of Cu2SnS3 and Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid 

solution samples spark plasma sintered at 670 K.  
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Figure 2. EDS mapping images of the CTSe and Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid 

solution samples. The analyses were performed on the polished surfaces of the 

pellets.  
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Figure 3. Raman spectra of the CTSe and Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid 

solution samples. The Raman spectroscopic analyses were performed on the 

powder samples. 
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Figure 4. Temperature dependence of (a) Seebeck coefficient, (b) electrical 

conductivity of the CTSe and Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid solution samples..  
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Figure5. FE-SEM images of the CTSe and Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid 

solution samples The FE-SEM analyses were performed on the non-polished 

surfaces of the broken pellets.  
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Figure 6. Shows the UV-Vis spectroscopy measurements for the CTSe and Cu2Sn 

(SX, Se1-X)3 (0≤ X ≤0.8) solid solution samples. The calculated values of hv and 

(αhv)2 are plotted for each sample and the band gap value for each phase was 

obtained by extrapolating these plots to the X-axis. 
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Figure 7. Temperature dependence of (a) thermal conductivity, and (b) ZT of the 

CTSe and Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid solution samples 
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6.4 Summary 

Cu2SnS3 and Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) solid solution were prepared using 

mechanical alloying (MA) followed by spark plasma sintering. Rietveld 

refinement of the powder X-ray diffraction (XRD) data was performed to 

determine the variation in the lattice constants of the Cu2Sn (SX, Se1-X)3 (0≤ X ≤0.8) 

solid solution with gradual replacing of Se with S. Here we found that the band 

gap and TE properties optimization as well as reducing in thermal conductivity 

can be efficiently achieved by careful optimizing of the composition of Cu2Sn (SX, 

Se1-X)3 (0≤ X ≤0.8) solid solution for enhanced TE performance of the CTSe. 
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7 Chapter 7 

The effect of substrate temperature on the microstructure and 

thermoelectric properties of pulsed laser deposited Cu2SnSe3 

thin film 

 

7.1 Introduction 

TE energy technology utilizes the waste heat to generate electricity and address 

the global environmental issues.   TE technology is expected to attract more 

attention from the commercial sectors in near future for applications such as 

remote area sensors, wearable portable electronic devices and Peltier solid state 

cooling systems [1-3]. Currently, bulk TE materials have not attracted a large 

part of the energy market due to its lower energy conversion efficiency 

compared to other renewable energy harvesting technologies. But for TE thin 

films, a great potential is expected in the near future due to its higher power 

density, light weight and compact size. 

Currently available commercial TE materials like Bi2Te3, Sb2Te3 and PbTe 

comprised of either toxic or expensive elements [4, 5]. Thus, the exploration of 

new TE materials with non-toxic, less-expensive and earth-abundant elements is 

one of the current focuses of the TE community. The ternary chalcogenide CTSe 

with diamond-like structure is thought to be one of the promising TE materials 

due to large flexibility in tuning its electronic and physical properties [6]. CTSe 



108 

 

 

 

elements are not from rarest elements category, non-toxic and not that expensive 

like Pb and Te. Recently CTSe materials are studied by various researchers in 

bulk form to explore its TE potential, but the TE properties of CTSe 2D structure 

or thin films is never been reported so for. Due to high conductive nature of the 

CTSe it is expected that the CTSe thin film can give us much better TE properties 

compare to thin films of conventional TE compounds like SnSe, due to 

incorporation of defects during thin film deposition. 

There were reports on the fabrication of CTSe thin films for solar energy 

applications, which were prepared by co-evaporation [7,8], sputtering [9], 

salinization of metal precursors [10], flash evaporation [11] and so on. All of 

these techniques have a common challenge which is the controllability of the 

evaporation rates of the source materials. On another hand pulsed laser 

deposition (PLD) has the characteristic to replicate well the structure and 

composition of the target materials in the deposited film compared to rest of the 

thin-film deposition approaches [12]. PLD is a versatile technique for thin film 

synthesis which ablates material from a solid target using laser and deposits it 

on the substrate. We used PLD to grow CTSe thin films for the first time and 

studied its TE properties.  

It is vital to study the effects of deposition conditions of a thin film on its 

microstructure, composition, and physical properties when exploring its 

potential. There, however, are only few reports on such relationships for CTSe 

film deposited by various deposition techniques [7, 9, 11, 13] and the effects of 

deposition conditions on thin films of CTSe deposited by PLD have not been 



109 

 

 

 

reported. In this work, we report the results of the studies on the effects of 

substrate temperature on the microstructure and TE properties of pulsed laser 

deposited CTSe thin films. We also studied the TE properties of the CTSe films 

for the first time. A power factor of 2.8*10-4 (W/m2K) was achieved with the CTSe 

film deposited on the silicon substrate the temperature of which was 350 °C.  

7.2 Experimental procedure 

7.2.1 Sample preparation 

CTSe powder was directly synthesized from a stoichiometric mixture of Se 99.99 

%, Sn 99.99 % and Cu 99.99 % powders (Kunjundo Chemicals-Japan of average 

size 5μ) by mechanical alloying for 5 hours in an inert media. Spark plasma 

sintering (SPS) was used to make a dense pellet target, which relative density 

was calculated to be nearly 95 %. An appropriate amount of CTSe powder was 

put into a graphite die and was pressed up to 60 MPa for 20 minutes at 570 °C in 

an SPS apparatus (SPS-Weltec). The consolidated CTSe target was in the shape of 

a disc pellet of 8 mm in height with 25 mm diameter. 

7.2.2 Substrate preparation 

Silicon substrates, in two size ranges of 20 by 10 mm and 10 by 10 mm, were 

chosen for the deposition of the CTSe films. Si wafers of 500 m thickness with 

(100) orientation and p-type resistivity 9~10 (Ω.cm) were cleaned with acetone 

for 10 minutes in a sonicator to remove any contaminations adhered on the 

surface. After washing, the Si wafers were furnace heated up to 800 ºC for 12 

hours in Ar atmosphere to remove any moisture or adsorbed oxygen on the 
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surface. Finally,  200 Å -thick Pt coating was applied on the substrate surface 

using a Pt coater to make the Si surface electrically conductive, improve the 

adherence of the CTSe film to the substrate and also to improve film conformity.  

 

7.2.3 Deposition process 

A KrF excimer laser source was used to ablate the polycrystalline CTSe target at 

an energy density of ∼0.9 J/cm2. The vacuum chamber was first evacuated using 

a rotary pump up to certain level followed by a turbo pump to achieve high 

vacuum of around 7.5*10−6 mTorr. The incident laser beam hits the rotating 

target to produce an intense plasma plume ahead of the target surface upon laser 

irradiation. Various deposition conditions were used to optimize the PLD 

parameters like background pressure, laser energy density and pulse repetition 

rate etc. Ar gas was introduced into the chamber with a background pressure of 

5 mTorr to control the shape of the plasma plume and the quality of the 

deposited film. Depositions were carried out at the three selected substrate 

temperatures (300, 350 and 400 oC) with pulse repetition rate of ∼5 Hz for 40 

minutes. 

7.2.4 Characterizations 

Information on the phases and the crystallinity of the films were obtained from 

X-ray diffraction (XRD) (D-8 Advance, Bruker) with Cu-Kα radiation. The XRD 

spectra were recorded in the range of 20 to 65 degrees 2θ. The morphology and 

thickness of the samples were studied by field emission scanning electron 
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microscopy (FE-SEM) (Merlin compact, ZEISS, UK).  The CTSe films were 

electrically conductive, and so we did not need any conductive coating for FE-

SEM analysis. To measure the film thickness by FE-SEM, the film samples were 

broken into two parts. The cross sections of the broken film samples were 

observed using SEM. This approach not only enabled us to measure the film 

thickness, but also to study the inside morphology of the film. The Pt layer 

thickness was estimated from the power and time during DC sputtering process 

of Pt coating on the Si substrate. 

 The Seebeck coefficients and electrical resistivities were measured from 25 °C to 

300 °C with increasing temperatures, using commercial TE measurement system 

(ZEM-3). The measurements were performed in inert media to prevent any 

oxidation during measurements at high temperature. Carrier concentration (pH) 

and mobility (µH) of the samples were measured by Hall effect measurements 

system (Ecopia). The measurements were carried out on square-shape samples, 

in a van der Pauw configuration at room temperature with an applied magnetic 

field of 0.56 Tesla (T). Optical band gap measurements were performed by 

Ultraviolet-visible (UV-Vis) spectroscopy on the thin film samples, using a UV-

Vis/NIR spectrometer (JASCO, V-770). The optical absorption spectra were 

collected in the wavelength range of 800–1600 nm, with a scan step size of 0.5 

nm. 
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7.3 Results and discussion  

The XRD spectra of the CTSe thin films deposited using pulsed laser at three 

different substrate temperatures 300 °C, 350 °C and 400 °C, which were named 

as S1, S2 and S3 respectively, are given in Fig. 1. The XRD spectra show that the 

deposited films are monoclinic CTSe. They also show that all the major peak 

positions of the CTSe target matches well with those of the deposited films. It 

means that CTSe monoclinic phase was successfully ablated and deposited on 

the Si substrate without any phase changes. A small peak around 33 degree 2-

theata in XRD of all three films represents the (002) peak of Si substrate. The 

intensity ratios of I(002)/I(060) and I(002)/I(062) for all the samples were calculated, and 

the results are listed in Table 1. It is shown that the intensity ratios are increased 

with increasing substrate temperature. The increase in intensities of the (00l) 

peaks with respect to non- (00l) peak shows that the films have (00l) preferred 

orientation and that the degree of preferred orientation is increased as the 

substrate temperature is increased.  

Fig. 2 shows the FE-SEM surface images of (a) Pt coated Si substrate and (b)-(d) 

CTSe films deposited at various substrate temperatures. Cross-sectional views 

and the thicknesses of the three films are shown in Fig. 2 (e)-(g), while the 

composition of each film is given in table along each sample in the FE-SEM 

images in Fig. 2 (b)-(d). The surface of the Pt-coated Si substrate was free of any 

contamination and defects in the scale shown in Fig. 2(a). Sample S1 shows 

smooth CTSe film along with micron size particles. In the sample S2, it can be 

seen that the grains seem to grow more in size compared to S1 where average 
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grain size is in under 3 microns. Also small nm-size pores are formed on the film 

surface on the S2 sample, which we think may come from the loss of Se element 

from the surface grains. The sample deposited at 400 °C has more pores and 

voids compared to sample S2. We believe that with increasing substrate 

temperature, the crystallites of the CTSe films grow with (00l) preferred out-of-

plane orientation and the grain shape changes (especially when the substrate 

temperature changes from 350 °C to 400 °C). The preferred orientation in sample 

S3 leads to corrugated type morphology leaving behind so many pores and 

voids. The morphological observation from SEM analyses agrees well with our 

XRD results, where FWHM values decreased from sample S1 to S3, as shown in 

Table 1, which is due to the increase of the grain size with increasing substrate 

temperature. The FE-SEM results were further confirmed by the atomic force 

microscopy (AFM) analysis, as shown in Fig. 3. It can be seen in Fig. 3 (a) that 

nm size Pt particles are distributed over the surface and also the topography is 

relatively smooth. The morphological features are changing from sample S1 to 

S3 which is in agreement with SEM analysis, where the roughness of the sample 

S3 is higher compare to other two samples. The roughness of the thin films was 

further confirmed by the quantitative AFM analysis of average RMS data and 

results are presented in Fig. 4. Few coarse particles on the film surface were 

observed in all three samples as shown in Fig. 2. The phenomena are common in 

PLD films, where coarse particles are ablated and directly deposited on the 

substrate.  
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The effect of substrate temperature on the TE properties of all three films is 

shown in Fig. 5. All three films are p-type, with positive Seebeck coefficient 

values shown in Fig. 5(a). The Seebeck coefficient is decreased, and electrical 

conductivity is increased with increasing substrate temperature from samples S1 

to S2 as shown in Fig. 5(a) and (b). This can be explained from the changes of 

carrier concentration and electronic mobility data shown in Fig. 5(d). The carrier 

concentration is increased with increasing substrate temperature from 300 to 350 

°C, due to the increase in vacancies generated by the loss of Se. Loss of Se with 

increasing substrate temperature was further confirmed by the EDS 

compositional analysis of the three film samples as shown in Fig. 2 (b)-(d), where 

the Se atomic wt % is going to decrease from sample S1 to S3.  The increase in 

carrier concentration for the sample S2 can lead to the decrease of mobility. This 

is due to the increased amount of carrier scattering which can suppress the 

mobility of the charge carriers, which explains why its Seebeck coefficient was 

relatively low compared to sample S1. We measured the optical band gaps of the 

film samples, to study the effect of substrate temperature during PLD deposition 

on the band gap of the deposited films. For the direct band gap systems, the 

relation between optical absorption and band gap energies are given by [14] 

𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − 𝐸 )      (1) 

Where ν is the frequency radiation, 𝐴 is the constant and h the Planck’s constant. 

Fig. 6 shows the Tuac plots of the corresponding samples, from which the band 

gaps were estimated by The extrapolating the linear region of the plot to the x-

axis. In Fig. 6 it can be seen that the band gap values decreased largely from 
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sample S1 to S3. This decrease in band gap value may be due to the change of the 

crystallites size of the deposited film particles with increasing substrate 

temperature. It is noticeable that although the band gap of the sample S3 was 

smaller than S1 and S2, but unexpectedly, electrical conductivity was not higher 

compare to other two samples. It means that the decrease in electrical 

conductivity is due to dominated effect of microstructure instead of effect of 

band gap. The calculated power factor values for the three samples measured at 

different temperatures between 25 °C and 300 °C are shown in Fig. 5(c). Sample 

S2 shows the power factor of ~2.8 * 10-4 at 300 °C which is comparable with the 

values of bulk CTSe reported previously [15-17]. In sample S3, both Seebeck 

coefficient and electrical conductivity are low compared to the other two 

samples which were deposited at lower temperatures. The microstructure of S3 

shown in Fig. 2. (d) (Pores and voids on the film surface) can possibly degrade 

the electrical transport properties of the film S3. Both carrier concentration and 

mobility of S3 were low compared to samples S1 and S2, probably due to loss in 

film density [18], but the actual reason is not clear at this point. From these 

observations it can be concluded that the optimum substrate temperature for 

CTSe film deposited by PLD is around 350 °C at which the largest power factor 

was achieved among the studied substrate temperatures when all other 

parameters remain the same. 
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(002) 

(060) 
(062) 

Figure 2. XRD spectra of the CTSe target and CTSe thin films 

deposited on Pt coated Si substrate at various temperatures by PLD. 

The peak around 33 degrees 2θ, comes from the (002) reflection of the 

Si substrate. The bottom line represents the reference PDF card of the 

monoclinic phases of CTSe.  
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Figure 3. FE-SEM surface images of (a) Pt coated Si substrate and (b)-(d) 

CTSe thin films deposited by PLD at various substrate temperatures.  

Element      Atom % 
 

   

  Cu                    30.57   

  Se                     51.83   

  Sn                    17.60   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


 (

/Ω
.c

m
) 

(a) (b) 

(d) (c) 

Pt coated Si substrate 

0.5 m 



118 

 

 

 

Figure 3. AFM surface images of (a) Pt coated Si substrate and (b)-(d) CTSe thin 

films deposited by PLD at various substrate temperatures.  
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Figure 4. The average roughness in nm of 10 by 10 m surface area, 

calculated during topographical AFM analysis of (a) Pt coated Si substrate 

and (b)-(d) CTSe thin films.  
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Figure 5. Temperature dependence of (a) Seebeck coefficient, (b) electrical 

conductivity, (c) power factor, and (d) carrier concentration (left) and carrier 

mobility (right) of the CTSe thin film samples deposited at various temperatures.  
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Figure 6. Band gap spectra obtained from Tuc plot approximation for the 

sample S1, S2 and S3 and the corresponding band gap values are given. 
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Sample (I002/I060) (I002/I062) FWHM of the 

major peak 

(002) 

PLD Target 
2 4 

 

S1(300 °C) 2 4.6 0.16 

S2(350 °C) 2.6 5.4 0.15 

S3(400 °C) 18 32 0.13 

Table 2. The relative intensity ratios of the major peak of (002) with respect to the 

(060) and (062) peaks calculated from the XRD spectra of the PLD target and 

CTSe thin films along with the FWHM values of the major peak. 
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7.4 Summary 

CTSe thin films were deposited by PLD for the first time, and the effects of 

substrate temperature on the microstructure and TE properties of the films were 

investigated. A mmonoclinic CTSe target and Pt-coated silicon substrates were 

used to deposit films at substrate temperatures of 300, 350 and 400 °C. The 

crystal structure was successfully transferred to the Si substrate from the CTSe 

target by laser ablation without any phase changes, and all three film samples 

retained the monoclinic phase structure. The TE properties of the films were 

studied, and it was found that 350 °C is the optimized substrate temperature in 

which the highest power factor of 2.8*10-4 (W/m2K) was achieved among the 

studied samples. Increasing substrate temperature further up to 400 °C degraded 

the microstructure and electrical properties of the deposited film, and hence the 

power factor was decreased compared to the other films deposited at 300 and 

350 °C. The power factor of 2.8*10-4 (W/m2K) of the sample S2 is very close to the 

reported value for bulk CTSe. A high power factor which is comparable with 

bulk CTSe, along with other benefits like higher energy density, light weight and 

compact size, makes CTSe film a potential candidate for various TE applications. 
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